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ABSTRACT 
 
Semiconductor nanostructures exhibit distinct properties by virtue of nano-scale 
dimensionality, allowing for investigations of fundamental physics and the improvement 
of optoelectronic devices. Nanoscale morphological variations can drastically affect 
overall nanostructure properties because the investigation of nanostructure assemblies 
convolves nanoscale fluctuations to produce an averaged result. The investigation of 
individual nanostructures is thus paramount to a comprehensive analysis of 
nanomaterials. This thesis focuses on the study of individual GaAs, AlGaAs, and ZnO 
nanostructures to understand the influence of morphology on properties at the nanoscale. 
First, the diameter-dependent exciton-phonon coupling strengths of individual 
GaAs and AlGaAs nanowires were investigated by resonant micro-Raman spectroscopy 
near their direct bandgaps. The one-dimensional nanowire architecture was found to 
affect exciton lifetimes through an increase in surface state population relative to volume, 
resulting in Fröhlich coupling strengths stronger than any previously observed. 
Next, ZnO nanowire growth kinetics and mechanisms were found to evolve by 
altering precursor concentrations. The cathodoluminescence of nanowires grown by 
reaction-limited kinetics were quenched at the nanowire tips, likely due to point defects 
associated with the high Zn supersaturation required for reaction-limited growth. Further, 
cathodoluminescence was quenched in the vicinity of Au nanoparticles, which were 
found on nanowire sidewalls due to the transition in growth mechanism, caused by 
excited electron transfer from the ZnO conduction band to the Au Fermi level.  
Finally, ZnO nanowalls were grown by significantly increasing precursor flux and 
diffusion lengths over that of the ZnO nanowire growth. Nanowall growth began with the 
Au-assisted nucleation of nanowires, whose growth kinetics was a combination of Gibbs-
Thomson-limited and diffusion-limited, followed by the domination of non-assisted film 
growth to form nanowalls. Nanoscale morphological variations, such as thickness 
variations and the presence of dislocations and Au nanoparticles, were directly correlated 
with nanoscale variations in optical properties.  
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These investigations prove unequivocally that nanoscale morphological variations 
have profound consequences on optical properties on the nanoscale. Studies of individual 
nano-objects are therefore prerequisite to fully understanding, and eventually employing, 
these promising nanostructures. 
Thesis Supervisor: Silvija Gradečak 
Title: Thomas Lord Assistant Professor of Materials Science and Engineering 
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Chapter 1. Introduction and Motivation 
 
 
1.1 Nanostructures for fundamental studies of physics 
and optoelectronic devices 
 
Since the first articulation of the potential for manipulating atoms in 1959 by 
Richard Feynman [1], the field of modern nanotechnology has made significant impacts: 
in science, for the unprecedented ability to study the underlying mechanisms of materials 
properties; and in engineering, for the ultimate control in device fabrication. These 
advances are facilitated by semiconductor nanostructures, the fundamental units of the 
current and next generation of electronic devices. 
Semiconductor nanostructures exhibit unique properties not observed in the bulk 
by virtue of nano-scale dimensions. Exceptionally large surface area-to-volume ratios 
relative to that of the bulk produce variations in surface state populations that have 
numerous consequences on materials properties [2-4]. When nanostructure dimensions 
approach characteristic length scales—such as that of the Bohr exciton diameter, exciton 
diffusion length, and photon wavelength—quantum confinement occurs, enabling a range 
of distinctly nanoscale properties [5, 6]. Further, the small size of nanostructures permits 
the infamous electronic device scaling for faster operation, lower cost, and reduced power 
consumption [7]. These unique properties have enabled a variety of electronic, photonic, 
and optoelectronic applications based on semiconductor nanostructures [8-10]. 
Of the low-dimensional semiconductor nanostructures, nanowires offer a unique 
prospect in nanoscale optoelectronics due to their one-dimensional architecture. 
Nanowires embody an important platform for fundamental studies of the nanoscale size 
effects on materials properties, as their diameters and lengths represent two distinct 
length scales that may be tuned independently. Free-standing nanowires further allow for 
efficient strain relaxation, permitting the formation of dislocation-free crystals and 
hetero-interfaces between lattice-mismatched materials [11]. Finally, one-dimensionality 
enables the realization of interconnects and other device components. Already, many 
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devices based upon individual nanowires have been demonstrated, including the 
following optoelectronic devices: electrically-driven lasers [12] and light-emitting diodes 
[13], single photon sources [14], photodetectors [15], and solar cells [16, 17]. 
While these proof-of-concept devices support the bright predictions of their future 
in integrated nanophotonics [18], many challenges still remain; in particular, 
understanding how nano-size affects the fundamental processes underlying device 
functionality. For instance, photoluminescence peak broadening is a main source of 
degradation of laser and single photon source performance, and occurs when phonons 
couple with electronic charges [19] that may originate from charged surface states or 
excitons—critically, surface state populations [4] and exciton behaviors [5] are directly 
influenced by nanowire diameter. Nanowire-based optoelectronic devices are also not 
exempt from the common causes of nonradiative recombination that degrade device 
performance. For example, metals (namely Au) are known to cause nonradiative deep-
level traps [20], yet metal particles are commonly used in nanowire synthesis [21]. 
Further, Au is known to affect electrical [22] and optical [23, 24] properties of nanowires 
on the nanoscale.  
While the exact consequences of the parameter choices in the examples above are 
poorly understood, it is clear that small morphological changes at the nanoscale can have 
drastic effects on properties. As such, the investigation of assemblies of nanostructures 
gives averaged results, convolving the consequences of each nanoscale fluctuation. The 
realization of optoelectronic devices based upon individual nano-objects depends 
crucially upon the understanding, and eventual control, of materials properties on the 
nanoscale—thus, the investigation of individual nanostructures is paramount to a 
comprehensive analysis. 
This thesis focuses on the study of individual nanostructures to understand the 
influence of morphology on properties on the nanoscale. To this end, two materials 
systems were examined by two respective techniques that allow the analysis of single 
nanostructures, as will be discussed in detail below.  
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1.2 GaAs and ZnO semiconductors 
 
GaAs and ZnO were chosen for investigation in this thesis due to their unique and 
promising optoelectronic properties, as described here. The current state of knowledge of 
these materials systems, with regards to the specific growth processes and optoelectronic 
properties relevant to this thesis, is also introduced to motivate the need for their further 
study.   
GaAs is a ubiquitous semiconductor in both basic scientific studies and in the 
semiconductor industry for several reasons. GaAs has an exceptionally large Bohr 
exciton diameter (22.4 nm) relative to other semiconductors [25], allowing for ease of 
experimental access to this fundamentally important threshold. Similarly, its high 
electron mobility (8500 cm2/Vs at room temperature) is of interest for electronic studies. 
GaAs forms a nearly strain-free alloy with AlAs (0.13% lattice mismatch) [25], 
producing high-quality GaAs/AlGaAs heterointerfaces. Further, the AlGaAs alloy 
enables bandgap tunability across the range of 1.4-2.2 eV [25]. The combination of these 
properties has enabled a variety of electronic and optoelectronic devices, such as high-
electron mobility transistors [26], single photon sources [27], excitonic transistors [28], 
and photodetectors [29]. 
The elongation of exciton lifetimes, which is of particular interest for the 
excitonic transistors and photodetectors mentioned above, is generally enabled by 
quantum confinement. In addition to fabricating system dimensions on the order of the 
Bohr exciton diameter, quantum confinement may also be achieved at larger length scales 
through the confinement of electron and hole wavefunctions at the surface that 
predominates volume in nanostructures. This behavior can be studied by resonant Raman 
spectroscopy [30]. Yet, while GaAs is a well-studied materials system, excessive 
photoluminescence at the direct bandgap has inhibited analysis of resonance phenomena 
there [31]. GaAs nanowires enable investigations at the direct bandgap because larger 
surface area-to-volume ratios result in greater surface state populations relative to the 
bulk, which can quench photoluminescence. 
Similar to the GaAs material system, ZnO is also a notable material system for 
optoelectronic applications because of its robust exciton emission and ease of 
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nanostructure growth. ZnO has a wide bandgap (~3.37 eV at room temperature) and an 
extraordinarily large exciton binding energy (60 meV) [32], allowing for efficient and 
narrow exciton emission at room temperature in the ultraviolet spectral range. Further, 
ZnO can easily be grown in a variety of nanostructures (nanowires, nanorods, tetrapods, 
nanoribbons, nanobelts, nanotubes, nanohelices, nanosprings, etc.) and by a variety of 
growth techniques that span the range of fabrication temperatures and atmospheres [33, 
34], allowing for immense flexibility in growth substrates, nanostructure throughput, and 
crystalline quality, to name just a few.  
However, the diversity of ZnO nanostructures illuminates the complexity of their 
growth mechanisms and growth kinetics. Consider the growth of nanowires, which is one 
of the most well-studied architectures in the field of nanotechnology [18]: the vapor-
liquid-solid (VLS) mechanism first described nanowire growth as assisted by a metallic 
nanoparticle seed [35]; yet, recent developments demonstrate that additional growth 
mechanisms may compete or coexist with the VLS mechanism [21]. For example, there 
are accounts of the nanoparticle remaining solid throughout nanowire growth [36]. 
Furthermore, the growth of ZnO nanowires can occur with nanoparticles at either the tip 
or base of the nanowire [37, 38]. When the nanoparticle remains at the nanowire base or 
is intentionally absent (i.e., no metal is introduced prior to growth), it is unclear what is 
the mechanism of such non-assisted growth processes [21, 39]. 
The optical emission of ZnO is equally complex, with a variety of defect emission 
states whose structural origins remain highly controversial [32]. The reduced 
dimensionality of nanostructures further complicates both defect and exciton emission: 
their relative emission intensities and individual peak positions may vary with 
nanostructure shape, even when the nanostructure dimensions are above the Bohr exciton 
diameter (4.7 nm) and quantum confinement is not relevant [32]. It is thought that these 
variations are induced by changes in the surface state population, which is highly 
sensitive to nanostructure shape, yet this reasoning is similarly debated. 
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1.3 Optical characterization of individual nanostructures 
 
To realize ideal nanostructure systems for fundamental studies of physics and 
single-nanostructure optoelectronic devices, optical characterization of individual 
nanostructures is essential. As discussed in Section 1.1, significant changes in 
nanostructure properties can occur by small morphological variations at the nanoscale. In 
addition, a disparity in growth directions, size, and architecture of nanostructures within 
an assembly can result in averaged properties, hindering information on a single-
nanostructure level. The fundamentally miniscule dimensions of nanostructures make 
their individual investigation challenging; yet, several techniques have been developed to 
address this issue, of which micro-Raman spectroscopy and cathodoluminescence in the 
scanning transmission electron microscope (CL-STEM) will be discussed here. 
Micro-Raman spectroscopy extends the non-destructive Raman spectroscopy 
technique to probe phonon modes within nanostructures by coupling incident laser light 
through an objective lens, focusing it to a spot of ~1 µm in diameter. When 
nanostructures are carefully dispersed on a substrate, this small spot size allows for their 
individual investigation. Although resonant Raman spectroscopy is sensitive to the 
effects on electron-phonon coupling of structural variations of individual nanostructures 
within a population [40], this technique had not been combined with micro-Raman 
spectroscopy to investigate individual nanowires until now (see Chapter 5). 
CL-STEM couples spectroscopy with microscopy, allowing for the direct 
correlation of optical and structural properties with nanoscale spatial resolution, making it 
an ideal tool for the study of individual nanostructures. The energy and intensity of 
cathodoluminescence (CL) emission can provide a wealth of spectral information about 
the energy band structure, including temperature, quantum confinement, and defect states 
[41]. Combined with the high accelerating voltages and thin samples characteristic of 
scanning transmission electron microscopy (STEM), CL emission can be correlated with 
position in the sample with a spatial resolution of less than 20 nm. Notably, CL-STEM is 
rarely available due to the complexity of equipment required [42], and the author helped 
pioneer the first CL-STEM with a charge coupled device (CCD) to allow for parallel 
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detection of hyperspectral data sets, simultaneously detecting (x, y) position and CL 
intensity as a function of wavelength. 
 
1.4 Outline of Thesis 
 
The organization of this thesis is summarized here. Chapter 2 introduces nanowire 
and nanowall growth by describing the types of nanowire growth mechanisms and 
kinetics, as well as their consequences on nanowire properties. The notion of nanowire 
growth is then extended to include nanowall growth. The fundamentals of Raman 
spectroscopy are described in Chapter 3, building from phonon dispersion, generation, 
and scattering intensities to the application of resonant Raman spectroscopy for the 
investigation of electron-phonon coupling, with special attention on Fröhlich coupling. 
Chapter 4 introduces the basics of electron microscopy, with an overview of electron 
beam-sample interaction, spatial resolution, and image formation through the origins of 
contrast. Next, this knowledge is applied to the advanced electron microscopy technique 
of CL-STEM, including generation, spatial resolution, and inhomogeneities of CL. 
Chapters 2-4 all conclude with the relevant experimental methods utilized in this thesis. 
Chapter 5 investigates exciton-phonon coupling in individual GaAs and AlGaAs 
nanowires by resonant Raman spectroscopy. Nanowire morphology is first presented, 
along with the observation of strong multiphonon scattering and a discussion of its origin. 
A resonance cross-section is presented for individual GaAs and AlGaAs nanowires to 
understand the Fröhlich coupling mechanism. A model is employed to explain the 
unusually strong multiphonon modes observed, and the Fröhlich coupling strength is 
investigated as a function of nanowire diameter. 
Next, the evolution of growth kinetics and growth mechanism are studied in ZnO 
nanowires, as well as their effects on nanoscale optical properties of individual 
nanowires, in Chapter 6. The morphology of ZnO nanowires grown under different 
conditions is presented and explained through the evolution of growth kinetics and 
growth mechanisms between and during growths. These effects are then correlated with 
bulk and nanoscale optical properties to illustrate the significance of investigating 
nanowire properties on the nanoscale.  
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In Chapter 7, the ZnO nanowire growth in Chapter 6 is extended to the growth of 
ZnO nanowalls. The promotion of film growth during ZnO nanowire growth is first 
discussed for the development of nanowalls, followed by an investigation of nanowall 
growth kinetics and growth mechanisms. Finally, the effects of nanoscale morphology 
(variations in thickness and the presence of dislocations and Au nanoparticles) on optical 
properties are explored. 
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Chapter 2. Growth Mechanisms and Growth Kinetics of 
Semiconductor Nanowires and Nanowalls 
 
 
The realization of the full potential of nanoscale materials for fundamental 
physics studies and devices based upon individual nanostructures depends directly on the 
ability to fabricate such materials with predefined structure and, consequently, 
functionalities. To achieve these ends, strict control over nanowire growth—and thus a 
comprehensive understanding of nanowire growth mechanisms—is required. This 
chapter introduces the fundamentals of nanowire and nanowall growth, beginning with 
nanowire growth mechanisms, which are categorized into three types: particle-assisted, 
non-assisted, and a combination of these two mechanisms. Nanowire growth kinetics are 
then discussed, including the origin of diameter-dependent growth. Next, nanowire 
growth is extended to include the growth of nanowalls. The chapter concludes with an 
overview of the experimental methods utilized in this thesis for GaAs and ZnO nanowire 
and ZnO nanowall growth. 
 
 
2.1 Nanostructure synthesis techniques 
Nanostructure synthesis techniques can be categorized as “top-down” or “bottom-
up,” where both categories have unique characteristics that define the resultant 
nanostructure morphology and properties. Thus, the desired nanostructure properties are 
critically linked to the choice of fabrication technique.  
In general, the top-down approach consists of removing material from the bulk to 
form nanostructures, whereas the bottom-up approach involves atom-by-atom assembly 
on a substrate. In either case, production quantity must be balanced with quality to 
achieve the preferred nanostructure attributes. Top-down fabrication of complex 
nanostructures typically employs a series of pattern-writing and etching steps, allowing 
for ultimate control over nanostructure shape and orientation, as well as the 
reproducibility of individual nanostructures. However, nanostructure quality may 
suffer—notably, etching may produce surface roughness, which creates surface states that 
may degrade nanostructure properties [43]. Conversely, bottom-up techniques produce 
high-quality structures on the nanoscale through continuous strain relaxation, but wafer-
scale uniformity is a challenge in this approach. Many recent successes in nanostructure 
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fabrication involve a combination of top-down and bottom-up approaches, such as the 
lithographic definition of nucleation sites for bottom-up growth [44-46]. 
Bottom-up techniques are manifold, and are generally classified by the phase of 
the precursor material. Here, vapor-phase epitaxy (VPE), which describes growth 
techniques that employ a vapor precursor, is summarized. (Note that bottom-up growth 
may also occur in the solution phase, where nanostructures are produced at lower 
temperatures than the VPE methods.) Chemical vapor deposition (CVD) utilizes vapor 
from the thermal evaporation of solid or liquid sources. Vapor transport and condensation 
(VTC) is a simple version of CVD, where vapor precursor originates from the thermal 
evaporation of a solid source and is transported by carrier gases to the substrate. In the 
special case of metal-organic CVD (MOCVD), a carrier gas is bubbled through a liquid 
metalorganic (MO) source to produce a MO vapor, which pyrolizes into the precursor at 
elevated temperatures. Hydride CVD is also a unique form of CVD, where the addition of 
a reactive gas produces hydride vapors with higher reactivity and equilibrium pressures 
as compared to that of elemental sources. Vapor precursors are also used by molecular 
beam epitaxy (MBE), where a high-purity vapor is produced through the sublimation of 
solid sources in effusion cells under ultra-high vacuum. Chemical beam epitaxy is similar 
to MBE, where the sources are MO or hydride compounds.  
 
2.2 Nanowire growth mechanisms 
 Semiconductor nanowire grown by the bottom-up VPE methods discussed above 
are generally thought to grow by either particle- or non-assisted growth mechanisms. As 
will be discussed below, many theories have sought to explain the nanowire growth 
mechanism; yet, nanowire growth may be sufficiently complicated to require the 
employment of more than one theory. Even then, questions remain about the exact 
growth mechanism of various nanostructures. The benefits of a comprehensive 
understanding of the growth mechanism are discussed. 
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2.2.1	  Particle-­‐assisted	  mechanism	  
 The bottom-up VPE growth of free-standing semiconductor nanowires is 
regularly considered to be seeded by metallic nanoparticles. The nanoparticle serves as a 
nucleation site for nanowire growth by supplying a location for the formation of a low-
temperature liquid alloy with the nanowire precursor material. Further, the nanoparticle 
allows for one-dimensional growth by providing an efficient precursor capture site and an 
interface with the substrate at which precursor material may precipitate upon 
supersaturation. The nanoparticle is thus theoretically not consumed during the nanowire 
growth, but may substantially increases the growth rate in a particular crystallographic 
direction [21]. This model, first described by Wagner and Ellis in 1964 [35] and 
diagramed in Figure 2-1, is called vapor-liquid-solid (VLS): metallic nanoparticles (in 
this case, faceted solid material, occasionally referred to as seeds or catalysts) are 
exposed to vapor molecules containing precursor atoms (i); these molecules adsorb onto 
the nanoparticle surface and pyrolyze, with the precursor eventually incorporating into 
the nanoparticle to form an alloy whose melting temperature is depressed compared to 
that of the pure nanoparticle material, causing the alloy nanoparticle to melt into a liquid 
(ii); and finally, solid semiconductor preferentially precipitates in one dimension at the 
nanoparticle/substrate interface due to supersaturation of the alloy (iii). Note that the 
growth temperature must be above the melting temperature of the eutectic alloy for the 
nanoparticle alloy to melt. Figure 2-1b schematically describes thermodynamic evolution 
of the nanoparticle/semiconductor alloy.  
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Figure 2-1. Nanowire growth by the VLS mechanism. (a) Solid faceted nanoparticles in 
a vapor atmosphere with precursor-containing molecules, such as silane (SiH3). As SiH3 
molecules adsorb and pyrolyze, and the precursor incorporates into the nanoparticle, the 
level of precursor alloyed in the nanoparticle increases (denoted by the changing color of 
the nanoparticle from gold towards red) and the alloy melting temperature decreases, 
eventually causing the nanoparticle to melt (denoted by the decreased faceting). 
Progressive nanowire growth occurs, which terminates once the source supply is depleted 
from both the nanoparticle (denoted by the nanoparticle returning to a gold color) and in 
the atmosphere. (b) Thermodynamics of VLS growth of the nanoparticle (solid phase α) 
and semiconductor (solid phase β), illustrating the evolution of growth at a given growth 
temperature along the dashed lines in the direction of the arrows. 
 
2.2.2	  Non-­‐assisted	  mechanisms	  
While the VLS model is frequently cited to describe the growth mechanism of 
nanowires of many semiconductors and semiconductor alloys, it is becoming increasingly 
clear that this model insufficiently depicts the role of the nanoparticle in nanowire growth 
[21]. For example, Wagner found no evidence of the nanoparticle acting as a catalyst, in 
that the activation energy of Si nanowire growth was similar with or without Au [47]. 
Instead, it has been suggested that the interface between the nanoparticle, semiconductor, 
and vapor acts as a preferential nucleation site, potentially due to surface reconstruction, 
and that growth occurs by step-flow from this point [48]. There are also accounts of the 
nanoparticle remaining solid throughout nanowire growth [36, 49], including in the ZnO 
system at high growth temperatures [50], leading to the suggestion of vapor-solid-solid 
growth. Further, the growth of ZnO [37, 38] and GaN [51] nanowires can occur with 
nanoparticles at either the tip or base of the nanowires.  
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While it remains unclear exactly how non-assisted growth mechanisms produce 
semiconductor nanowires [21, 39], several models have been suggested, sometimes 
referred to as vapor-solid (VS) mechanisms, and summarized in Figure 2-2.  
First, anisotropic surface energies of various crystal facets may provide a 
particular crystal plane that grows faster than others, leading to one-dimensional growth 
(Figure 2-2a). This is the most commonly referenced mechanism for non-assisted growth 
of ZnO nanowires [52, 53], where relative growth rates rhklm of the primary hexagonal 
crystal facets with indices hklm, beginning with the fastest growing facet, are r0001 > r10-11 
> r10-10 [54]. The relative growth rates and stabilities of these growth facets vary with 
precursor partial pressure and temperature [55, 56]. 
Eshelby twist growth (also know as screw dislocation growth or Frank’s 
mechanism, as a namesake after the first observer of this mode [57]) proceeds by the 
collection of adatoms at the high-energy ledge of a screw dislocation, which provides a 
self-perpetuating growth step (Figure 2-2b). This growth was most recently observed in 
ZnO [58] and PbS [59] nanowires, and is characterized by a uniquely protruding 
nanowire tip and the existence of a screw dislocation along the nanowire growth axis. 
Oxide-assisted growth can occur for materials with a native oxide, such as Si with 
SiO2 (Figure 2-2c) [60, 61]. In this mechanism, an oxygen-deficient (and thus 
thermodynamically unstable and highly reactive) oxide phase forms a nucleus that 
collects additional precursors. The precursor atoms (in this case, Si) bind together and 
expel O atoms, which eventually diffuse to the cluster surface, forming a chemically inert 
SiO2 sheath. In the case of oxide-assisted grown Si nanowires [60], nanowire growth was 
hypothesized to proceed by the attraction of precursor to dislocations within the Si 
nucleus and the formation of low surface energy facets. After the growth, a relatively 
thick oxide layer was found encasing the entire nanowire; however, it has so far been 
impossible to distinguish the oxide sheath from a native oxide. Growth of Ge, GaN, 
GaAs, GaP, ZnO, and C nanostructures by this mechanism was also reported [60].  
Finally, non-assisted growth of semiconductor nanowires may also occur by self-
nucleation, where the precursor material forms a nucleating particle that acts similar to 
the liquid nanoparticle in VLS growth (Figure 2-2d) [62]. Upon cooling after the growth 
step, it is thought that this self-particle is incorporated into the nanowire with other 
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residual precursor left in the growth chamber—because of the absence of this particle 
after nanowire growth, it is often referred to as a non-assisted mechanism. Also for this 
reason, no post-growth evidence exists to indicate that growth occurred by this 
mechanism. 
 
 
Figure 2-2. Suggested mechanisms of nanowire growth by non-assisted mechanisms. (a) 
Anisotropic surface energies of various crystal facets. Hexagonal crystal structure shown. 
(b) Eshelby twist growth. Taken from [59]. (c) Oxide-assisted growth of compound 
semiconductor AB, as assisted by its native oxide ABO. (d) Self-catalyzed growth of 
compound semiconductor AB by a particle of material A. 
 
2.2.3	  Mixed	  growth	  mechanisms	  
The ability to tailor the nanowire growth mechanism to meet pre-determined final 
properties is desirable, as each growth mechanism has consequences on nanowire 
morphology and properties (as will be discussed in the next section). To this end, the 
state of knowledge about switching between particle-assisted and non-assisted growths 
will now be briefly reviewed. Note that, while all materials systems were reviewed, only 
studies on the ZnO materials system could be found, likely due to the versatility of ZnO 
in producing nanostructures in a variety of architectures. 
A reversible transition from VS to VLS growth (in separate nanowire growths) of 
ZnO nanowires was demonstrated by VTC through the introduction between growths of 
carbon-containing ionic liquids, such as butyl methyl imadazolium tetrafluoroborate, to 
aid carbothermal reduction and thus increase the oxygen supply [63]. Carbothermal 
reduction of ZnO source powder occurs through the following two chemical reactions: 
 and     (2.1a) 
.    (2.1b) 
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The increased oxygen was argued to sustain ZnO formation by restricting Zn adatom 
surface migration, but it is unclear how this argument promotes VLS growth. Whether 
ZnO nanowires grow by VLS or VS mechanisms has also been observed to depend on 
the distance between the substrate and the source during growth by VTC, where 
substrates near the source experience a higher Zn supersaturation that promotes VS 
growth [64]. 
There have also been reports of nanowire growth from a combination of VLS and 
VS mechanisms, where a film grows by VLS and nanowires by VS, as illustrated in 
Figure 2-3. Fan, et al. were the first to rigorously elucidate the role of the film in VTC-
grown ZnO nanowires through cross-sectional transmission electron microscopy and 
time-dependent investigations of Au-templated substrates [37]. Au film (evaporated onto 
substrates prior to growth) first dewetted into nanoparticles at elevated growth 
temperatures (Figure 2-3a). Next, ZnO (0001)-oriented pyramids formed on the substrate 
whose edges were pinned by Au nanoparticles (Figure 2-3b), and nanowires grew from 
the precipices of these pyramids (Figure 2-3c). Over time, the pyramids continued to 
grow and eventually connected with neighboring pyramids to form a networked film on 
the substrate (Figure 2-3d). Thus, ZnO pyramids were hypothesized to have grown by the 
traditional VLS mechanism, where Zn precursors adsorbed onto and alloyed with Au 
nanoparticles, and that subsequent Zn supersaturation caused precipitation and finally 
oxidation to form ZnO. Nanowires then nucleated from the pyramid peaks, possibly due 
to a low-energy nucleation site, growing by the anisotropic surface energy VS 
mechanism. 
 
 
Figure 2-3. Growth of ZnO nanowires by VLS and VS mechanisms. (a) Au film dewets 
into nanoparticles at elevated growth temperatures, which capture vapor Zn precursor. (b) 
Subsequent supersaturation results in Zn precipitation and oxidation, and thus the VLS 
formation of ZnO pyramidal nuclei, (c) from which ZnO nanowires grow by the VS 
mechanism. (d) Over time, a film grows at the base of the nanowires. After [37]. 
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2.2.4	  Consequences	  of	  growth	  mechanisms	  on	  nanostructure	  properties	  
The consequences of whether nanowire growth occurs by particle- or non-assisted 
mechanisms are multiple. For example, the growth rate may be 10-100 times faster for 
particle-mediated growth, as compared to non-assisted growth [49, 63]. This may be due 
to a catalytic behavior of the metallic nanoparticle, such that the energy required for 
precursor incorporation is reduced in the vicinity of the nanoparticle [21], or that the 
particle acts as an efficient precursor capture site proximal to the growth front [39]. 
Nanowire growth direction may also vary with growth mechanisms: for instance, Si 
nanowires have been grown along the {112} and {110} directions by oxide-assisted 
growth, rather than the {111} directions commonly observed by VLS techniques [60]. 
Finally, the degree of control over the nanowire diameter also differs with growth 
mechanism: the particle size directly determines the nanowire diameter when grown by 
particle-assisted mechanism [21], whereas diameter control in growths by non-assisted 
mechanisms is at best indirect, with only one report of a positive linear correlation 
between nanowire diameter and precursor partial pressure [65]. 
The growth mechanism can also have consequences on the optical properties of 
the resulting nanostructure. For example, although Au is a popular catalyst choice for 
nanowire growth (as it allows for reduced nanowire growth temperatures and produces 
more highly oriented nanowires than other catalyst metals [21]), Au can diffuse during 
nanowire growth along the nanowire sidewalls [66] and, for example in the case of Si, 
form deep centers that shorten carrier lifetimes, leading to increased non-radiative 
recombination [20]. In GaAs/AlGaAs core/shell nanowires, Au diffusion during high-
temperature shell deposition modifies electrical behavior [22]. Finally, in ZnO nanowires, 
excitonic luminescence may be altered by the presence of Au nanoparticles by excited 
electron transfer to the Fermi level of the Au nanoparticle and/or the excitation of surface 
plasmon resonances [23, 24].  
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2.3 Nanowire growth kinetics 
The discussion of growth kinetics began as early as that of growth mechanisms: 
as mentioned above, in addition to the VLS growth mechanism, Wagner also found that 
the Au nanoparticle did not catalyze nanowire growth in their system, concluding instead 
that physical surface processes were limiting the growth [47]. Others have also reported 
the lack of catalytic activity of the metallic nanoparticles [67]. Critically, the limiting 
growth step has profound consequences on the diameter-dependent growth rate of 
nanowires, and these behaviors must be understood for complete control of nanowire 
growth for the achievement of desired morphology and properties. The growth kinetics 
investigated in this thesis are mainly concerned with non-assisted growth, which are 
seldom considered in the growth kinetics discussion—thus, this section will explore the 
kinetics of this growth mechanism. 
Nanowire growth results from a series of kinetic steps, shown in Figure 2-4a-b. 
As depicted, precursor is first transported to its adsorption site: if adsorption is favored 
over desorption, then the dominate transport mechanism will be surface diffusion from 
the substrate (or nanowire sidewall, not shown) to the growth front; otherwise, gas 
diffusion and direct impingement at the nanowire tip will govern the transport kinetics. If 
the precursor is a molecule containing the precursor atom, such as the MO sources 
common to MOCVD, then this molecule must decompose, usually at or near the growth 
front. For most non-assisted mechanisms, precursor incorporation occurs simply through 
solidification at the vapor/solid interface (Figure 2-4b); alternatively, if the growth is 
assisted by a liquid metallic nanoparticle through the VLS mechanism, then the precursor 
is first incorporated at the vapor/liquid nanoparticle interface, followed by diffusion 
through the liquid, and finally solidification at the liquid/solid nanowire interface. The 
illustrated rounded tip in Figure 2-4b is consistent with anisotropic surface energies [52, 
53]. 
Any of the kinetic steps outlined above may limit the nanowire growth rate, and 
whether the limiting step is of diffusion- or kinetic reaction-character will have a 
profound effects on the diameter-dependence of the nanowire growth rate, as diagramed 
in Figure 2-4c. Briefly, reaction-limited growth behavior produces larger diameter 
nanowires that are longer than smaller diameter nanowires, because larger diameter 
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nanowires have larger growth facets to incorporate precursors. The Gibbs-Thomson 
effect also plays a role, increasing the surface energy of the nanowire tip (for non-
assisted; or the catalyst, for VLS) at small nanowire diameters such that further precursor 
incorporation is inhibited. Alternatively, diffusion-limited growth produces larger 
diameter nanowires that are shorter than smaller diameter nanowires, because the amount 
of precursor required to complete an atomic layer is more than that for smaller diameter 
nanowires. These diameter dependencies will be discussed in more detail in the following 
section. 
 
 
Figure 2-4. Schematic of step-by-step nanowire growth kinetics. (a) Transport to the 
growth front. (b) Reactions at the growth front, in the case of non-assisted growth. (c) 
General trends of resulting diameter-dependent growth rates, depending on the rate-
limiting step. 
 
2.3.1	  Steady-­‐state	  growth	  by	  direct	  impingement	  
The diameter-dependent growth rate of nanowires can be understood by 
considering the relevant steady-state diffusion equation. First, consider precursor that 
arrives at the nanowire only by direct impingement from the gas source to the nanowire 
growth front, with no kinetic barriers to incorporation. The diffusion equation is written 
as: 
,                 (2.2) 
where d is the nanowire diameter, Ωs is the molecular volume of the solid semiconductor 
material, dLimp/dt is the nanowire growth rate where growth is due to direct impingement, 
and Jn is the net flux of precursor. The geometric factors πd 2/4Ωs and πd 2/2 are the 
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growth volume and source collection area, respectively, assuming a semi-sphere 
nanoparticle shape. The net flux incorporated is given by the Maxwell distribution, 
,         (2.3) 
where p is the partial pressure of the supplied source, peq(d) is the equilibrium partial 
pressure of source, m is the molecular mass, kB is the Boltzmann constant, T is the 
substrate temperature, and n is an empirical factor to be determined by experiments [68, 
69]. The Gibbs-Thomson effect produces a diameter-dependent peq(d): 
,        (2.4) 
where peq(∞) is the equilibrium partial pressure of source at infinite nanowire diameter 
and γvs is the surface energy between vapor and solid. In the case of VLS growth, γvs 
would simply be replaced by the surface energy between the vapor and the liquid and Ωs 
by the molecular volume of the liquid. The partial pressure of source, p, can be expressed 
in terms of the chemical potential of the reactant,  
,               (2.5) 
where Δµvs is the chemical potential difference between the vapor and solid phases. 
Again, Δµvs may be replaced with the equivalent term for vapor and liquid phases in the 
case of VLS growth. Combining equations (2.2)-(2.5), the growth rate for a semi-
spherical growth front is then 
.                (2.6) 
If the supersaturation is relatively low (i.e., if Δµvs < 0.2kBT) and the diameter range 
satisfies 4γvsΩs/d < 0.2kBT, then 
.          (2.7) 
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If the growth front were instead a flat surface, equation (2.2) would be modified 
to be 
.               (2.8) 
Similarly, the Gibbs-Thomson effect is modified for a flat growth front to be 
.        (2.9) 
The growth rate is now found by combining equations (2.8)-(2.9) with (2.3) and (2.5) to 
give 
.     (2.10) 
2.3.2	  Diffusion-­‐limited	  kinetics	  
If the precursor reaches the growth front mainly by surface diffusion, rather than 
by direct impingement as described above, the original diffusion equation must be 
modified to include this new source collection area: 
,             (2.11) 
where dLdiff/dt is the nanowire growth rate by sidewall diffusion and the collection area is 
now defined by the area from which adatoms may diffuse from the nanowire sidewall to 
the growth front, with λ as the adatom diffusion length. This equation assumes a uniform 
source flux within the collection area and that sources beyond the collection area do not 
contribute to the growth. Combining equations (2.3)-(2.5) with (2.11) and again assuming 
that Δµvs < 0.2kBT and 4γvsΩvsd < 0.2kBT then gives 
          (2.12) 
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for a semi-spherical growth front. Thus, nanowire growth rate supplied by precursors 
arriving by direct impingement [equation (2.7)] and by surface diffusion [equation (2.12)] 
dLimp and diff/dt is given by, for a spherical growth front, 
,              (2.13) 
or, for a flat growth front, by 
.          (2.14) 
In elementary and binary alloy nanowires, diffusion-limited growth has been 
observed in Si [70-72], GaAs [68, 73], GaP [68], InAs [68, 74], InP [68], InAs [75], and 
ZnO [65, 76]. 
 
2.3.3	  Reaction-­‐limited	  kinetics	  
 If the incorporation of precursor at the vapor/solid interface limits growth 
kinetics, then an adsorption efficiency , where α0 is the kinetic 
coefficient and Ea is the kinetic energy barrier, must be included on the right-hand side of 
equation (2.2):  
.          (2.15) 
Again assuming that Δµvs < 0.2kBT and 4γvsΩvsd < 0.2 kBT, then the growth rate dLrxn/dt 
for a spherical growth front is then 
,                    (2.16) 
or, for a flat growth front, is 
 .        (2.17) 
In elemental and binary alloy semiconductor nanowires, reaction-limited growth 
has been observed in Si [77, 78], GaAs [79, 80], InSb [81], and GaN [82]. That Si and 
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GaAs nanowires have also been reported to grow by diffusion-limited kinetics ([70-72] 
and [68, 73], respectively) highlights the sensitivity of growth kinetics to the particular 
experimental conditions. Different authors conducted these studies by different 
techniques, so there is no coherent way to compare their individual results; however, the 
next section will describe the variation of growth kinetics within a single system to allow 
for meaningful analysis. 
 
2.3.4	  Mixed	  growth	  kinetics	  
Both reaction- and diffusion-limited behavior have been observed during separate 
growths of GaAs [67, 83] and GaN [84] nanowires. In GaAs, reaction-limited growth has 
been observed at high V/III ratios and diffusion-limited growth at low V/III ratios, as 
high As flow determines the depletion of Ga available for crystallization [83] and/or 
varies the pyrolysis efficiency of MO sources (in this case, trimethylgallium), precursor 
supersaturation, and adatom surface diffusion length [67]. Growth kinetics may also 
depend on carrier gas flow rates, which is manifested by varying growth rates with 
whether the nanowire is near bare substrate or near other nanowires. In GaN nanowires, 
surface diffusion of Ga has been reported to dominate under N-rich conditions, such that 
nanowires grow faster near bare substrate, as more Ga was available relative to those 
surrounded by other nanowires; conversely, gas phase deposition governed under H-rich 
conditions, as the dominate GaHx species readily desorbed from the sapphire substrate 
surface [84]. 
A combination of types of growth kinetics may also exist within a single growth. 
In InAs [85] and in InP, Si, and GaAs nanowires [86], reaction-limited growth was 
observed at smaller diameters and diffusion-limited growth at larger diameters. In these 
cases, a critical diameter emerges at which the nanowire growth rate is maximal at the 
point of transition between the competing adatom diffusion and Gibbs-Thomson effects, 
and this critical diameter appears to decrease with decreasing V/III ratio and increasing 
temperature [85]. The opposite dependence of limiting growth kinetics on nanowire 
diameter has also been observed, possibly due to a transition from mononuclear to 
polynuclear growth at larger diameters (depending on if one or more nuclei initiate the 
atomic layer of nanowire growth at the particle/nanowire interface, respectively) or to an 
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evolution in the catalyst shape at the particle/nanowire interface. A transition from 
diffusion-limited growth at smaller diameters to direct impingement at larger diameters 
was reported in Si, and attributed to a change in shape of the growth front through 
transitioning stabilities of nanowire growth facets [87]. 
Finally, more complex growth kinetics have also been observed in a variety of 
nanowire systems. Diameter-independent nanowire growth was detected in Si nanowires 
due to the irreversible, kinetically-limited dissociative adsorption of disilane directly on 
the catalyst surface [70]. The growth rates of nanowires limited by a single type of 
growth kinetics may vary with nanowire density: in addition to the source competition 
regime, when nanowires are close enough to have overlapping source collection areas, 
and the independent regime, where sparse nanowires grow autonomously; an 
intermediate synergetic growth regime may exist, determined by wire-to-wire gas phase 
interaction. Nanowires sufficiently spaced such that source diffusion collection areas do 
not overlap may experience enhanced growth rates through the partial decomposition of 
trimethyl sources by the nanoparticle of one nanowire, which then diffuses through the 
gas to another nanoparticle [88].  
 
2.3.5	  Consequences	  of	  growth	  kinetics	  on	  nanostructure	  properties	  
 Clearly, the nanowire growth kinetics has profound effects on nanowire 
morphology and overall growth rate. Controllable reduction of nanowire diameter and/or 
length may enable future applications for large device integration density or for the 
exploitation of quantum size effects [67]. In the case of nanowire axial heterostructures, 
preferably abrupt interfaces are produced by low precursor supply at the growth interface, 
which depends directly on the precursor partial pressure [89]. Finally, a sufficiently high 
growth rate, enabled by high temperatures and source supplies, is desirable for an 
efficient throughput of nanowires [89]. 
While the morphological consequences of nanowire growth kinetics are multiple, 
no studies have investigated the effects of growth kinetics on functional properties. For 
example, in binary compounds, the high supersaturation of the lower-group precursor 
(i.e., Ga in GaAs and Zn in ZnO) that is thought to allow reaction-limited growth [67, 90] 
may also produce interstitials of the supersaturated species and/or vacancies of the 
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undersaturated species. These point defects are known to have significant effects on 
optoelectronic properties [32, 91]. 
 
2.4 Nanowall growth 
As mentioned in Section 2.2.3, the VLS growth of pyramidal ZnO nuclei, from 
which ZnO nanowires grew by the VS mechanism, is considered to be the dominant 
growth mode of ZnO nanowires. Over the course of the nanowire growth, these nuclei 
can develop into an interconnected network between nanowires [37]. Recently, the first 
reports of this network growth without nanowires has been also shown in C [92], ZnO 
[93], TiO2 [94], Co3O4 [95], CuFe2O4 [96], GaS [97], GaSe [97], CuS [98], MnO2 [99], 
and NiO [100] systems. These novel nanostructures, known as nanowalls, have a unique 
two-dimensionality that holds promise for applications requiring structures with large 
surface area, such as that for solar cells [101] and gas sensors [102]. Already, proof-of-
concept nanowall gas sensors [103-105] and nanogenerators [106] have been fabricated. 
The majority of work around nanowalls has been focused on the ZnO material system, 
likely due to its ease in growing in a variety of nanostructures, so the ZnO nanowall 
literature is comprehensively summarized in Table 2-1. 
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Table 2-1. Comprehensive summary of ZnO nanowall literature, in order of the 
publication date. Abbreviations are as follows: PL is photoluminescence, “sap” is 
sapphire, PLD is pulsed-laser deposition, UV is ultraviolet, “T-dep.” is temperature-
dependent, HR is high resolution, SAD is selected area diffraction, AFM is atomic force 
microscopy, CL is cathodoluminescence, EDS is energy dispersive x-ray spectroscopy, 
XS is cross-section, CBD is chemical bath deposition, TG/DTA is thermogravimetric and 
differential thermal analyses, and FTIR is Fourier-transform infrared spectrometry. 
Growth 
techniques 
Substrate PL TEM Comments Citation 
VTC a-sap    [93] 
VTC a-sap 3.18 eV, 
green/yellow 
HR, SAD, 
dislocation dipoles 
 [107] 
MOCVD a-sap 3.28 eV  AFM, first catalyst-
free growth 
[108] 
VTC a-sap UV, green  Extensive PL [109] 
VTC a-sap, 
GaN/Si 
(111) 
T-dep. UV  T-dep. CL [110] 
MOCVD c-sap 3.26 eV, green   [111] 
MOCVD Si(111) 3.27, 2.3 eV SAD, EDS  [112] 
VTC ZnO/Si 
(100) 
3.27, 2.41 eV; 
T-dep. 
  [113] 
VTC Si(100) UV, green HR, SAD Raman [114] 
VTC GaN/c-sap  HR, SAD H2 gas sensor [103] 
VTC c-ZnO/Si 
(001) 
3.28, 2.43, 2.10 
eV 
 EDS, Raman [115] 
VTC GaN/AlN/
Si (111) 
  Templated growth [116] 
VTC c-ZnO/Si UV, 2.43 eV  Photoconductivity [117] 
PLD sap 3.370-3.32 eV  EDS [118] 
MBE Si(111) T-dep. UV  Hydrogenation [119] 
VTC Zn 
particles 
UV, 2.68, 2.38 
eV 
HR, SAD In-situ growth [120] 
VTC MgO/c-
sap 
3.360-3.374 eV  Templated growth [121] 
PLD c-sap 3.18, 2.38 eV HR Field emission [122] 
VTC GaN/sap  HR, SAD Zn cluster drift 
analysis 
[123] 
VTC GaN/sap  XS: HR, SAD, 
strain 
CH4 gas sensor [104] 
CBD sap 2.80, 2.64, 2.12 
eV 
 TG/DTA, FTIR [124] 
VTC Graphene  XS: HR, SAD Nanogenerator [106] 
MOCVD AlN/Si 
(111) 
 XS: HR, SAD Selective-area 
growth, NO2 gas 
sensor 
[105] 
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The few nanowall reports have begun to shed light on how the growth of these 
structures extends naturally from nanowires; yet, many questions remain about the exact 
growth mechanism, let alone their growth kinetics. Here, the small body of literature on 
the growth mechanism of ZnO nanowalls as grown by VTC is reviewed. 
Nanowall growth was first suggested to be initiated at the narrow boundaries 
between Au nanograins that formed after the dewetting of an evaporated Au film upon 
heating, as these boundaries provided a network of high-energy sites for adatom 
incorporation, and that nanowall growth by the VLS mechanism preceded nanowire 
growth [93]. However, while the presence of Au was necessary for nanowall growth, it 
was found that Au had not alloyed with Zn and was not observed on the ZnO nanowall 
surfaces after growth by x-ray diffraction and energy dispersive x-ray spectroscopy 
(EDS), respectively, suggesting that only the formation of a thin ZnO film occurs by 
VLS, whereas the majority of the ZnO nanowall growth occurs by VS growth onto this 
film [103].  
The theory of Au grain boundaries as a network template for nanowall growth 
was discredited by patterned Au nanoparticles, such that nanowalls grew from the tracks 
left behind by diffusing Au nanoparticles in a combination of VLS and VS modes, and 
that a rough ZnO film grew from a continuous film of Au [116]. Further, surface cracks 
in the substrate have been used as a template for Au diffusion, allowing the formation of 
long, straight ZnO nanowalls in areas where no Au had been evaporated due to Au 
diffusion along the cracks [116]. This “crawling” growth theory has been found to be 
thermally-activated, random Brownian motion of Au nanoparticle diffusion formed an 
“active trace” that led to ZnO nanowall growth [123]. Further, other reports show 
nanowall growth in the absence of metallic catalysts [114, 115, 117, 119, 120]. 
Recent studies have found interesting interactions of nanowall and nanowire 
growth. For example, Zn adatoms may cluster at the high-energy nodes of nanowall 
junctions, from which nanowires grow [106]. That nanowalls are sometimes observed to 
be taller near nanowires implies that nanowires may provided precursor adsorption sites 
such that adatoms may diffuse down the nanowire length to incorporate into the growing 
film [123]. Still others have observed that aligned nanowires coalesce to “nano-fences” 
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and finally to nanowalls [116]. However, the details of the competition between 
nanowalls and nanowires has remained unclear until now (see Chapter 7). 
 
2.5 Nanowire and nanowall growth experimental 
methods 
 This thesis investigates GaAs and ZnO nanowires, as well as ZnO nanowalls. 
Here, the growth methods of these nanostructures are outlined. 
 
2.5.1	  GaAs	  and	  AlGaAs	  nanowire	  growth	  by	  metal-­‐organic	  chemical	  vapor	  
deposition	  
GaAs and AlGaAs nanowires were grown using MOCVD, as shown in Figure 2-
5. GaAs (111)B (As-terminated) growth substrates were first cleaned by sonication in 
acetone, isoproponal, and methanol solvents for 10 min each, and then the substrate 
surfaces made hydrophilic by treatment with poly-l-lysine. Diluted solutions of Au 
nanoparticles (1:10 colloid solution/deionized water) were deposited drop-wise onto the 
substrate surfaces and allowed to sit for 5 min prior to a gentle rinsing with deionized 
water. Au nanoparticles (Ted Pella) with 90 nm diameter were used for the growth of 100 
nm-diameter nanowires and 5 nm diameter for the tapered nanowires utilized in Chapter 
5. The nanoparticles were annealed at 600 °C for 10 min in hydrogen and arsine in a 
Thomas Swan cold-walled horizontal-flow MOCVD reactor. Nanowire growth was 
initiated by reducing the temperature to 420 °C and introducing trimethylgallium (TMG) 
[and for AlGaAs, trimethylaluminum (TMA)] vapor for 10 minutes, followed by cooling 
under H2. Throughout the growth at temperatures above 300 °C, an AsH3 overpressure 
was maintained to inhibit the degassing of As. GaAs nanowires were formed through the 
decomposition of trimethyl precursors: 
.              (2.18) 
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Flow rates for GaAs nanowires were 0.48 standard cubic centimeters per minute (sccm) 
TMG and 10.9 sccm AsH3; and for AlGaAs, 0.28 sccm TMG, 0.25 TMA, and 10.9 sccm 
AsH3. 
 
 
Figure 2-5. GaAs and AlGaAs nanowire growth by MOCVD. (a) MOCVD (image 
courtesy of Sung Keun Lim) and (b) schematic of substrates and gas inputs. 
 
2.5.2	  ZnO	  nanowire	  growth	  by	  vapor	  transport	  and	  condensation	  
ZnO nanowires were grown by VTC in a three-zone horizontal tube furnace, as 
shown in Figure 2-6, through the carbothermal reduction of ZnO/C source powder [see 
equations (2.1a-b)]. (11-20) a-sapphire substrates (MTI Corporation) were cleaned by 
sonication in acetone, methanol, and deionized water for 10 min each. Next, a 1 nm Au 
film was deposited on the substrates by electron beam evaporation at ~5 × 10-5 torr. The 
substrates were placed in the third of the three heating zones of a MTI Corporation OFT-
1200-III furnace with high vacuum and gas mixing system, and 1 g of 1:1 mass ratio 
ZnO/C powders (C was by Spectrum, with chemical abstract service number 7782-42-5, 
and ZnO by J.T. Baker, number 1314-13-2), ground by mortar and pestle, was placed in a 
quartz crucible in the second zone. The growth temperatures of 950 °C for the source and 
930 °C for the substrates were reached after 50 min of heating from room temperature, 
held constant for the duration of the growth, and cooled to room temperature over 60 
min. 35 sccm of ultra-high purity Ar gas was flowed from room temperature until the 
post-growth substrates had cooled to 100 °C, and various flow rates of ultra high purity 
O2 gas (>99.994% pure) were introduced solely for the growth step. (1.2 sccm is 
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considered the “standard” growth condition.) The pressure was held at 210 Pa throughout 
the entire growth.  
 
 
Figure 2-6. ZnO nanowire growth by VTC. (a) Three-zone furnace and (b) schematic of 
source, substrates, and gas inputs. 
 
2.5.3	  ZnO	  nanowall	  growth	  by	  vapor	  transport	  and	  condensation	  
ZnO nanowalls were grown in the same furnace and on the same substrates as the 
ZnO nanowires (above), but the growth conditions were optimized for an increased Zn 
flux. 4 g of ZnO/C source was held at 1000 °C during the growth, and the flow rates were 
increased to 200 sccm for Ar and 10 sccm for O2. The pressure was held at 80 Pa 
throughout the entire growth. 
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Chapter 3. Experimental Methods: Electron-Phonon 
Coupling in Individual Nanostructures 
 
 
A fundamental knowledge of the interactions between electrons and phonons 
within individual nanowires is required for the tailoring of future optoelectronic 
properties based upon these structures. Raman spectroscopy, when conducted under 
resonance conditions near the bandgap of a semiconductor, is a non-destructive 
characterization method that probes electron-phonon interactions. This chapter 
introduces phonon modes and their generation in order to understand the Raman 
scattering intensity. From this knowledge, resonant Raman scattering and the origins of 
electron-phonon couplings are then discussed, with special attention to the effect of 
Fröhlich electron-phonon coupling strength on Raman intensity, which is of particular 
relevance for semiconductor nanostructures. Finally, experimental methods for Raman 
spectroscopy, resonant Raman spectroscopy, and Raman spectroscopy mapping utilized 
in this thesis are detailed. 
 
 
3.1 Phonon dispersion relations 
Raman scattering is the phenomenon of energy transfer from photons into atomic 
or molecular motion, and was first observed by Raman in 1928 [125]. Raman scattering 
in a periodic environment, such as that in a semiconductor crystal, generates collective 
vibrations within the material. The quantitative exploration the origin of phonon modes in 
this section builds the foundation of Raman spectroscopy and of more complicated 
effects, such as electron-phonon coupling. 
To understand the origin of phonon modes, consider a cubic crystal with two 
atoms per primitive basis such that atoms of mass M1 lie on one set of plates and atoms of 
mass M2 lie on planes interweaving those of the first set (Figure 3-1), similar to that in a 
GaAs crystal. 
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Figure 3-1. A diatomic linear lattice with unperturbed masses M1 and M2 separated by a 
distance a in the direction of the phonon wavevector  in planes s ± 1. Displacements for 
M1 are labeled with u and for M2 with v. After [126]. 
 
The atoms are spaced by a distance a normal to the lattice planes considered. 
These atoms are connected by identical linear forces, such that the elastic energy of the 
crystal is a quadratic function of the relative displacement of any two points within the 
crystal. The force at plane s is caused by the displacement of the plane s + p (p = 1, 2, 
3,…), and is then proportional to the relative displacement. Considering unidirectional 
movement such that vectors may be simplified to their magnitudes, the force Fs,j in plane 
s on atom j from its nearest neighbors (s ± 1) is then: 
 and          (3.1a) 
,           (3.1b) 
where C is the force constant and displacements for M1 are labeled with u and for M2 
with v. Solutions to the above equations are in the form of traveling waves: 
 and           (3.2a) 
,       (3.2b) 
where ω is the phonon wavevector magnitude and  the frequency. Substituting the 
plane wave solution equations (3.2a-b) into the equations of motion (3.1a-b) gives 
 and            (3.3a) 
.        (3.3b) 
Equations (3.3a-b) have a solution only if the determinant of the coefficients of the 
unknowns u and v vanishes, such that 
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.            (3.4) 
The solution has two limiting cases, ωa << 1 and ωa = ±π, at the Brillouin zone 
boundaries. (Beyond the first Brillouin zone, values of ω reproduce the lattice motions 
described by the values within the limits ±π/a.) For small ωa, we can employ a second-
order approximation of the small cosine angle, whose two roots are the dispersion 
relations  = f(ω), given by 
 and             (3.5a) 
.            (3.5b) 
For ωa = ±π, the roots are 
 and                  (3.6a) 
.              (3.6b) 
There are two dispersion relations because there are two polarization modes for a 
given propagation direction (i.e., transverse and longitudinal). Equations (3.5a) and (3.6a) 
describe the optical branch, while (3.5b) and (3.6b) describe the acoustic branch. The 
optical branch is named such because the oscillating motion at ω = 0 (as shown in Figure 
3-2a) can be excited by the electric field of a light wave. In contrast, the acoustic branch 
shows long wavelength modes at ω = 0 (Figure 3-2b). 
 
 
Figure 3-2. Transverse (a) optical and (b) acoustical modes in a diatomic linear lattice, 
illustrated by the particular displacements for the two modes at the same wavelength. 
After [126]. 
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When M1 > M2, the dispersion relations  = f(ω) are as shown in Figure 3-3a. For 
reference, the dispersion relations determined for GaAs and fit to experimental data are 
shown in Figure 3-3b. 
 
 
Figure 3-3. Dispersion relations (a) for a diatomic linear lattice, with limiting frequencies 
at ω = 0 and π/a, and (b) for GaAs, along various symmetry directions (with the direct 
bandgap located at the Γ point). Taken from [127]. 
 
3.2 Phonon generation 
Raman spectroscopy generates phonons of the modes described in the previous 
section by perturbing the system with a coherent laser beam. Here, the generation of 
phonons is described on a microscopic scale, and this discussion will later be expanded to 
include the coupling of generated phonons with electrons. 
Phonons are created by an interaction between light and matter in which an 
incident photon with wavevector 
€ 
wl  scatters inelastically with a crystal. In crystals, there 
exist wavevector selection rules for allowed transitions between quantum states such that 
momentum is conserved. For example,  
€ 
wl = ws ± w ,          (3.7) 
where 
€ 
ws is the wavevector of the scattered photon. The “+” denotes the creation of a 
phonon, known as Stokes scattering; whereas the “—” denotes phonon annihilation, as in 
anti-Stokes scattering. The Dipole Approximation assumes that 
€ 
wl ≈ ws, implying that 
€ 
w 
≈ 0 and the phonon mode is a standing wave with nonzero energy such that only the 
center of the Brillouin Zone (i.e., the Γ point in Figure 3-3b) is probed. If multiple 
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phonons are involved in the scattering process, then the sum of their wavevectors must 
meet the Dipole Approximation and be equal to zero. 
 The phonon generation process can be described in three steps: 
a. An incident photon with frequency 
€ 
wl  excites an electron-hole pair. The system is 
considered to be in an intermediate state  that is governed by the electron-
radiation Hamiltonian, He-r. 
b. The intermediate state  is scattered by the lattice and a phonon is created, 
converting the system into another intermediate state  that is governed by the 
electron-ion lattice Hamiltonian, He-ion. 
c. The electron-hole pair in intermediate state  decays radiatively, emitting a 
scattered photon 
€ 
ws. This step is governed again by He-r. 
These steps are commonly summarized by a Feyman diagram [128], such as that shown 
in Figure 3-4. 
 
 
Figure 3-4. Feynman diagram of a general one-phonon Raman scattering process. The 
black circles represent the photon-electron interactions (steps 1 and 3) and the white 
square the electron-lattice interaction (step 2).  
 
3.3 Raman scattering intensity  
The first and third steps in Section 3.2 are connected for a given channel of 
excitations (such as that in step 2) by the Raman tensor, the core of the phenomenological 
theory of scattering by phonons. By writing the Raman scattering intensity as a function 
of the Raman tensor, it becomes clear that the excitation pathway is intimately linked 
with its signal intensity. The relative contributions of various pathways can then be 
understood by the ratio of their scattering intensities.  
An incident electromagnetic field 
€ 
F  produces a local polarization in a crystal 
€ 
P  
due to the relationship 
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€ 
P φ,ω( ) = χ φ,ω,u( ) F φ,ω( ) ,       (3.8) 
where χ is the electrical susceptibility of the material. As the system response depends on 
the atomic positions, χ can be expanded as a Taylor Series in  to include a new term 
that predicts inelastic Raman scattering, the Raman tensor R: 
€ 
R = ∂χ
∂uu,       (3.9) 
where 
€ 
u is a unit vector in the direction of the lattice displacement. The Raman scattering 
intensity I is then given by 
€ 
I ∝ i ⋅ R ⋅ s 2 ,       (3.10) 
with 
€ 
i  and 
€ 
s the unit vectors of the polarization of the incident and scattering photons, 
respectively. 
 
3.4 Resonant Raman scattering 
Resonant Raman scattering occurs when the incident photon energy is slightly 
above that of the bandgap and results in enhanced Raman scattering intensities. Resonant 
Raman scattering also enables multiphonon cascades, allowing for the investigation of 
the interaction between electrons and phonons. 
Combining the microscopic understanding of phonon generation (Section 3.2) 
with the Raman tensor (Section 3.3), the three steps can now be translated into a Raman 
scattering intensity: 
  
€ 
I∝ 2π

0He−r a aHe− ion b bHe−r 0
ω l − Eg + iΓ( ) ωs − Eg + iΓ( )a , b
∑
2
,      (3.11) 
where Γ is a damping constant and Eg is the energy bandgap of the semiconductor [128]. 
The summation accounts for all possible intermediate states. Clearly, as the incident 
photon energy approaches the bandgap of the host material, the denominator is 
minimized such that the scattering intensity experiences a maximum. 
 A multiphonon cascade is a series of phonon overtones that result from incident 
energy in excess of the bandgap. Figure 3-5a illustrates the multiphonon cascade in 
energy space: an electron-hole pair is created within the conduction band by the incident 
photon, and relaxes step-wise down in energy, where each step represents the generation 
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of a phonon. Once at the bottom of the conduction band, the electron-hole pair 
recombines in a band-to-band transition, giving photoluminescence with energy 
commensurate with the bandgap. An exceptionally extended series of multiphonon 
Raman modes observed in CsI is shown in Figure 3-5b [129]; although, most materials 
systems do not show such an extent of multiphonon modes. 
 
 
Figure 3-5. Multiphonon cascade. (a) Energy band diagram for generation of 6 
multiphonon modes and (b) an example of a multiphonon Raman spectrum, taken from 
[129]. 
 
3.5 Electron-phonon coupling 
The interactions of electrons and phonons commonly influence optoelectronic 
properties of materials; yet, they remain poorly understood in individual nanostructures. 
For example, photoluminescence peak broadening is observed in nanoscale 
semiconductor systems and is largely attributed to the coupling of electronic charge to 
phonons [130]. This broadening inhibits the ability to spectrally distinguish individual 
photons, which is especially important for single-photon emission in quantum dot single 
photon sources [130, 131]. Additionally, the coupling of a phonon to an electron 
belonging to an exciton [132] or to one of the many charged states at the surface of 
individual nanostructures could drastically affect electronic mobility in single-
nanostructure optoelectronic devices. Clearly, a comprehensive understanding of 
electron-phonon coupling is critical to the realization of such devices. 
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Of the three phonon-generation steps (Section 3.2), the middle step involving 
 is particularly rich with interesting physics to describe the interactions between the 
various energy carriers. In essence, all electron-phonon coupling mechanisms are 
variations of Coulombic interactions between electrons and the lattice. Fröhlich coupling 
is of particular relevance to polar semiconductor crystals, and will be discussed in depth. 
 
3.5.1	  Fröhlich	  coupling	  
Fröhlich coupling describes the Coulombic attraction of an electron to a 
macroscopic longitudinal electric field formed by microscopic deformations of a polar 
lattice (physical displacement of charged atoms) by longitudinal optical (LO) phonon 
modes. Polar coupling occurs only to LO modes, and not to transverse optical (TO) 
modes, because only the LO modes induce strong electric fields [133]. The generated 
electric field ELO is proportional to the relative displacement of the oppositely charged 
ions uLO: 
€ 
ELO = FuLO ,                  (3.12) 
where 
 ,                (3.13) 
with N the number of unit cells per volume, µ the reduced atomic mass, ωLO the LO 
phonon frequency, and  and ε0 the dielectric constants for high and low frequencies, 
respectively. From equations (3.12) and (3.13), the Fröhlich Hamiltonian can then be 
derived [128]: 
           (3.14) 
where CF is the Fröhlich constant,  is the creation operator of the phonon with 
wavevector  and const. is a constant [128]. The Fröhlich Hamiltonian in equation 
(3.13) diverges as , requiring a relaxation of the Dipole Approximation for 
observation of this phenomenon. Thus, Fröhlich coupling-induced phonon scattering is 
considered a forbidden process, and has the unexpected consequence of particularly 
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strong resonance behavior relative to the other coupling mechanisms. CF can then be 
calculated as: 
  
€ 
CF =
e2ω LO
2NVε 0
1
ε∞
−
1
ε 0
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ ,                (3.15) 
where V is the volume of the unit cell.  
 
3.5.1.1	  Fröhlich	  coupling	  strength	  
The Fröhlich coupling strength is proportional to the net charge density in 
nanoscale systems [134], which can have profound effects on charged carrier dynamics. 
Traditionally, the Fröhlich coupling strength has been calculated by the Huang-Rhys 
parameter S [135]. In a simplified model, S is linearly proportional to the ratio of the 
fundamental to overtone LO Raman intensities [136]—thus, the Fröhlich coupling 
strength may be inferred from the relative peak intensities of the cascade Raman 
spectrum [135, 137, 138]. 
However, calculating Fröhlich coupling strength from experimental data, which 
can then be compared with other values, is challenging for several reasons. The Fröhlich 
coupling constant CF is a theoretical value that depends only upon the LO phonon 
frequency and the dielectric constant [128]. The closely related Huang-Rhys parameter S, 
although traditionally utilized to describe coupling strength from the experimentally- and 
theoretically-determined relative overtone intensities in multiphonon spectra, cannot be 
employed without a detailed analysis of the resonance conditions, vibrational modes, and 
excitonic states in the ensemble [139]. Further, care must be taken when comparing bulk 
to nanoscale Raman spectra because of the relaxed wavenumber conservation 
requirements as the system size approaches the wavelength of the excitation light [140]. 
Fitting functions based upon such detailed analyses are complex and do not yield an 
obvious coupling constant that can be compared with other data [141]. Strictly speaking, 
only a comparison of coupling strengths determined by spectra collected with identical 
equipment is valid. 
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3.5.1.2	  Quantifying	  Fröhlich	  coupling	  strength	  in	  nanostructures	  
Resonant Raman spectroscopy directly investigates Fröhlich-induced electron-
phonon coupling in semiconductor materials by utilizing incident light whose energy is 
near an electronic transition of the material to excite electrons, which then couple to 
phonons [128]. Although previous reports have studied the effects of Fröhlich coupling in 
assemblies of nanoscale systems [142, 143], resonant Raman spectroscopy is sensitive to 
structural variations of individual nano-objects within the population [40]. A disparity in 
growth directions, size, defects, etc. within an assembly of nanowires can result in 
averaged spectral data. Probing individual nanowires by resonant micro-Raman 
spectroscopy to understand Fröhlich electron-phonon coupling and exciton scattering in 
quasi-one dimensional systems, is thus critically important for the optimization of single-
nanowire optoelectronic devices.  
 
3.5.1.3	  Size-­‐dependent	  Fröhlich	  coupling	  strength	  in	  nanostructures	  
Previous studies have shown conflicting results of the correlation between 
Fröhlich coupling strength and nanostructure size, as summarized in Table 3-1. Some 
observe decreased coupling with decreasing nanostructure size [143-146], citing an 
increased overlap of the hole and electron wavefunctions and impending charge 
neutrality constraints. Others observe the opposite trend of increased coupling [142, 147-
149], due to confinement of hole wave functions at increasingly dominate surfaces 
(relative to volumes). Still others argue that these two effects cancel each other entirely 
[140] or that both effects can be observed over different diameter ranges, such that a 
critical diameter emerges between the two regimes [134, 150]. When both trends are 
observed, it is unclear whether the critical diameter is a minimum or maximum (i.e., 
which trend corresponds to which diameter range) and no insight has been presented 
about what causes such a critical diameter. Only Scamarcio, et al. varies the laser energy 
with nanostructure size to maintain a constant resonance condition, as the bandgap 
blueshifts with increasing quantum confinement, which is critical for a meaningful 
conclusion about the coupling trend with decreasing nanostructure size [147]. In all cases, 
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however, aggregates of nanostructures were investigated, and the averaged results of the 
data may have hidden the true trend. 
 
Table 3-1. Summary of Fröhlich coupling strength trends, determined both 
experimentally and theoretically, with decreasing nanostructure size. 
System Individual 
or 
aggregate? 
Diameter 
Range 
investigated 
Respective 
Bohr exciton 
diameter 
Coupling strength 
trend with decreasing 
nanostructure size 
Reference 
ZnO 
nanowires 
Aggregate 20-100 nm 4.7 nm [32] Decreasing [143] 
CdS 
nanocrystals 
Aggregate 1-7 nm 6 nm [151] Decreasing [144] 
n/a n/a n/a n/a Decreasing [145] 
GaN 
nanowires 
Aggregate 20-75 nm 4.8 nm [128] Increasing [142] 
CdSe 
quantum dots 
Aggregate 2-8 nm 11.2 nm     
[148] 
Increasing [148] 
CdSe and 
CuCl 
nanospheres 
n/a n/a 12 and 2 nm, 
respectively 
[152] 
Increasing [149] 
CdSxSe1-x 
nanocrystals 
Aggregate 2-3 nm 6-12 nm [151, 
152] 
Increasing [147] 
CdSe 
nanospheres 
Aggregate 1.9-4.0 nm 11.2 nm [148] Independent [140] 
CdSe and 
GaAs 
nanocrystals 
n/a ~0-50 and 
~0-100 nm 
11.2 [148] and 
22.4 nm [25] 
Both [150] 
PbS 
nanocrystals 
n/a 3-10 nm 40 nm [152] Both [134] 
 
3.5.2	  Deformation	  potential	  interaction	  and	  Fano	  coupling	  
Two additional types of electron-phonon coupling are the deformation potential 
interaction and Fano coupling. The deformation potential interaction describes the 
Coulombic interaction of an electron with microscopic distortions in the lattice caused by 
a phonon. These distortions cause variations in the bond length by both TO and LO 
phonons.  
Fano coupling describes the quantum interference of two competing optical 
excitation pathways, one to a discrete phonon state (either via deformation potential 
interaction or Fröhlich coupling) and the other to a continuum of free-electron states. 
Fano coupling results in a characteristically asymmetric Raman peak shape, known as the 
Fano lineshape, due to the simultaneous constructive and destructive interference of the 
two pathways. 
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3.6 Raman spectroscopy experimental methods 
 In this thesis, the electron-phonon coupling within individual GaAs and AlGaAs 
nanowires were investigated by Raman spectroscopy. The experimental details are 
outlined here. 
 
3.6.1	  Off-­‐resonance	  micro-­‐Raman	  spectroscopy	  
Off-resonance optical characterization by micro-Raman spectroscopy was 
conducted by a fiber-coupled microscope system. Nanowires were removed from the 
growth substrates by sonication in ethanol and then dispersed onto CaF2 substrates. 
Special care was taken to dilute the nanowire solution enough to achieve single-nanowire 
measurements, and this was later confirmed by scanning electron microscopy. Pump laser 
light (1.58 eV) was coupled by 15 µm-diameter fibers through a Leica Germany 100× 
microscope objective of a Kaiser HoloLab Series 5000 Raman Microscope, and the 
backscattered light was dispersed by a Kaiser HoloSpec VPT spectrometer and detected 
by a charge coupled device. The incident laser power was 4.0 mW at the sample. Special 
care was taken to excite the nanowire at the same point for each measurement. 
 
3.6.2	  Resonant	  micro-­‐Raman	  spectroscopy	  
The Fröhlich coupling strength of individual GaAs and AlGaAs nanowires was 
measured by resonant micro-Raman spectroscopy with a fully-tunable infrared (IR) laser 
system over 1.38-1.57 eV (Coherent MBR-110 laser, pumped by Coherent Verdi V-18 
laser). Laser light was filtered by a Laserspec Spectrolab tunable laser filter 
monochromator and coupled into an Olympus BX41 microscope and focused onto 
individual nanowires on a CaF2 substrate through a 100× Olympus MPlan objective to 
form a laser spot with ~1 µm in diameter. The backscattered light was analyzed with a 
triple-grating Jobin Yvon Horiba T64000 spectrometer and collected by a Horiba Jobin 
Yvon DU420A-OE-323 charge coupled device. Special care was taken to excite the 
nanowire at the same point for each measurement, as well as to maintain a constant low 
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laser power of 2.1 mW at the sample. Incident and scattered radiations were polarized 
parallel to each other to maximize the Raman signal. Spectra were calibrated for both 
Raman shift and intensity prior to peaks fitting by Peak-o-Mat with Lorenztian-shaped 
curves. Peak intensities were determined by peak area integration. 
 
3.6.3	  Resonant	  micro-­‐Raman	  spectroscopy	  mapping 
Diameter-dependent Raman spectra were collected from tapered nanowires by a 
similar back-scatter configuration as the resonance curves work, but with the addition of 
a motorized stage for mapping. A representative map is shown in Figure 3.6. In addition, 
individual nanowires were located by a lithographically-defined grid on the Si/100 nm 
SiO2 substrate, allowing atomic force microscopy and scanning electron microscopy 
work following the Raman experiments to exactly determine the nanowire diameter. 
Laser light from a fully-tunable IR laser system over 1.38-1.57 eV (Coherent 699 Ring 
laser, pumped by Coherent Verdi V-18 laser) was filtered by a home-built 
monochromator and coupled into a Zeiss Axioplan 2 microscope and focused onto 
individual nanowires on a motorized stage through a 100× Zeiss LD EC Epiplan-
Neofluar objective to form a laser spot with ~1 µm in diameter. The backscattered light 
was analyzed with a home-built spectrometer. Again, special care was taken to maintain a 
constant low laser power of ~2.0 mW at the sample. Spectra were calibrated for both 
Raman shift and intensity prior to peaks fitting by Peak-o-Mat with Lorenztian-shaped 
curves. Peak intensities were determined by peak area integration. 
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Figure 3.6. A representative map of 1LO phonon mode height, as a function of (x, y) 
position, of an individual tapered GaAs nanowire collected at an excitation energy of 
1.59 eV. 
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Chapter 4. Experimental Methods: Direct Correlation of 
Structural and Optical Properties on the Nanoscale 
 
 
 The properties of nanostructures, and thus nanostructure device functionalities, 
are sensitive to miniscule morphological changes; for example, emission wavelength, a 
key property for light-emitting diodes and lasers, is strongly dependent upon chemical 
composition and surface quality, among other factors. Cathodoluminescence in the 
scanning transmission electron microscope exemplifies the combination of 
complementary techniques on the nanometer length scale to provide direct insight into 
the complex structure-properties interplay within semiconductor nanostructures. In this 
chapter, electron microscopy is introduced as a critical tool for nanostructure analysis, 
with emphasis on image formation in the transmission electron microscope. 
Cathodoluminescence is next described, including its generation and annihilation, as 
well as the spatial resolution of the cathodoluminescence technique. Finally, the 
experimental methods are summarized. 
 
 
4.1 Introduction to electron microscopy 
 Electron microscopy is a powerful characterization tool, particularly for 
nanostructures, by virtue of its superior resolution over other characterization techniques. 
Further, the variety of signals produced by electron-matter interaction gives an array of 
information about a sample that may be detected simultaneously, allowing for direct 
correlation between structure and properties on the nanoscale.  
Scanning electron microscopy (SEM) is used for the investigation of the surface 
of bulk-like samples, giving information about topography, chemical composition, 
crystallography, etc. Alternatively, transmission electron microscopy (TEM) produces 
two-dimensional projections of thin samples for the high-resolution investigation of 
defects, crystalline and atomic structure, chemical analysis, strain mapping, etc. Together, 
SEM and TEM provide a wealth of information about a sample.  
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4.1.1	  Sample	  interaction	  with	  the	  electron	  beam	  
 The interaction of an electron beam with matter produces a variety of signals that 
can be studied by electron microscopy, the most common of which are shown 
schematically in Figure 4-1. Briefly, as the primary electron beam enters the sample, 
electrons scatter elastically (with the sample nuclei, such that energy and momentum of 
collision partners are conserved) and inelastically (with the sample electrons, such that 
significant energy is lost through plasmon generation, electronic transitions, core-electron 
ionization, etc.), and are diffracted (in the case of a periodic sample, according to Bragg’s 
law). From these interactions, a variety of signals may be detected: 
• Secondary electrons are ejected from the sample from weakly bound states at the 
surface of the sample by the absorption of sufficient kinetic energy from the 
incident beam or from backscattered electrons.  
• Backscattered electrons are higher energy electrons that generate enough 
deflection from the incident beam by multiple scattering events to eventually 
return to and are ejected from the sample surface (creating secondary electrons).  
• Cathodoluminescence (CL) and x-rays are photons emitted from electronic 
transitions, where x-ray photons have higher energy due to transitions from a shell 
to a core level.  
• Auger electrons are ejected from a core level by the absorption of x-rays or 
through inelastic electron-electron scattering.  
• Unscattered electrons do not interact with the sample and therefore can be used as 
a reference to the scattered beam. 
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Figure 4-1. A schematic representation of the array of signals generated by electron-
matter interaction. Adapted from [41]. 
 
SEM typically analyzes secondary and backscattered electrons. In TEM, 
inelastically and elastically scattered electrons that are transmitted through the sample are 
collected. In both the SEM and TEM, an x-ray detector is routinely added to provide 
chemical composition analysis. While CL detectors in the SEM are somewhat less 
common, CL detectors in the TEM are scarcely available due to the complexity of 
equipment involved [42]. 
 
4.1.2	  Spatial	  resolution	  of	  electron	  microscopy	  
The characterization of nanostructures is inherently biased towards electron 
microscopy investigations because its spatial resolution is commensurate with relevant 
nanostructure length scales. The Rayleigh criterion defines the ability to spatially resolve 
two Airy discs separated by a distance rth, such as by visible light microscopy: 
,         (4.1) 
where λp is the photon wavelength, µ the refractive index, and β the semi-angle of 
collection. [The denominator of equation (4.1) is known as the numerical aperture.] For 
	  74 
electromagnetic lenses, the equivalent equation for the practical resolution in the TEM is 
given by: 
,          (4.2) 
where Cs is the coefficient of spherical aberration and λe the wavelength of the electron. 
Compared to optical techniques, which use visible wavelengths ~300-700 nm, TEM 
employs electrons, which exhibit wave-particle duality. Further, TEM uses sufficiently 
high accelerating voltages to where the electron speed approaches that of light, causing 
relativistic effects. Considering these effects, λe is then given by 
  
€ 
λe =

2meV 1+ eV2mc 2
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
,     (4.3) 
where ħ is the Planck constant, m the electron rest mass, e the electronic charge, V the 
accelerating voltage, and c the speed of light. At 200 keV, a common TEM accelerating 
voltage, λe = 2.51 x 10-3 nm—thus providing exceptional resolution over both visible 
light microscopy and SEM (which typically employs lower accelerating voltages ~5 
keV), making it an ideal tool for nanoscale investigations. [153, 154]. 
 
4.1.3	  Origins	  of	  Contrast	  
As described by the spatial resolution equation (4.2), TEM is ideal for the 
nanoscale investigation of nanomaterials. Here, the complex origin of image contrast in 
TEM is discussed to allow for a complete analysis of nanomaterials. Image formation in 
TEM is due to nonuniformity of the electron beam exiting the sample caused by various 
interactions with the sample. Contrast can originate from mass-thickness variations, 
diffraction (in crystalline materials), and changes in the electron phase. Mass-thickness 
and diffraction contrasts are particularly relevant to this thesis and will be discussed in 
detail below. Briefly, phase contrast results from the interference effects of electron 
waves at the image plane. In crystalline materials, phase contrast allows for the imaging 
of columns of atoms, and therefore this imaging mode is also known as high resolution 
(HR) TEM. 
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4.1.3.1	  Electron	  scattering	  
 In this and the following section, the scattering of an incident electron by a single 
atom is considered as a wave phenomenon. The incident electron  is described a plane 
wave function and the scattered electron  by a spherical wavefunction: 
€ 
ψ inc = ei2πk 0 ⋅r  and     (4.4a) 
€ 
ψscatt = f k0,k( )
ei2πk ⋅ r−r'
r − r ' ,        (4.4b) 
where k0 is the wavevector of the incident plane wave and k that of the spherical 
scattered wave, and f(k0,k) is the scattering amplitude. This scattering event, known as 
far-field or Fraunhofer diffraction, is illustrated in Figure 4-2. 
 
Figure 4-2. Scattering of an incident plane wave by a single atom. 
 
The Schrödinger equation for the incident electron inside the scattering atom is 
  
€ 
2
2m∇
2ψscatt r '( ) + Ekin −V ' r( )[ ]ψscatt r '( ) = 0 ,        (4.5) 
where Ekin is the kinetic energy imparted to the electron from the accelerating voltage. 
The atom potential V’(r) is comprised of a term for the screened Coulomb potential of the 
nucleus and a term for the atomic electrons 
€ 
V ' r( ) = − e
2Z
4πε 0r
e−r /R + Vatom r( )∫ e−i2π k−k 0( ) ⋅rd3r ,                           (4.6) 
where Z is the atomic number,  the permittivity of the vacuum, and  with 
aH as the Bohr radius (0.0569 nm). At large distances, the electron wavefunction can be 
regarded as the superposition of the plane and spherical waves given above.  
The differential cross-section dσ/dΩ, which gives the angular distribution of 
scattering from an atom, is 
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€ 
dσ
dΩ = f k0,k( )
2
= f θ( ) 2,     (4.7) 
where the Mott formula for the atomic scattering factor  is given by 
  
€ 
f θ( ) = me
2λe
2
8π 22 sin2θ Z − fx( ) ,                     (4.8) 
where  is the scattering angle and fx the x-ray scattering amplitude.  
 In the case of scattering from a periodic array of atoms, the sum of the individual 
atomic potentials informs the equation of the scattered wave from N atoms. In a crystal 
lattice, the structure factor is identical under any lattice transition, such that 
€ 
f r( ) = f r +R( ) where 
€ 
R = ma1 + na2 + oa3 , 
€ 
a i the lattice vector in the direction i, and m, 
n, and o are real integers. In reciprocal space, R can be written in terms of wavevectors 
and reciprocal lattice vectors, such that 
€ 
Δk = ua1* + va2* + wa3* , with 
€ 
a i* the reciprocal 
lattice vector in the direction i and u, v, and w are real integers. The scattering amplitude 
is now given by the structure factor 
€ 
F Δk( ): 
€ 
F Δk( ) = f R j( )
j=1
N
∑ e− i2π um+nv+ow( ) .           (4.9) 
The structure factor is maximal for integer values of u, v, and w, such that 
€ 
Δk  is a vector 
of the reciprocal space lattice. The Laue condition is achieved when 
€ 
F Δk( ) is maximal, 
and is the equivalent of Bragg’s law in reciprocal space. The Ewald sphere is a sphere 
that represents all points at which the Laue condition, and thus the Bragg condition, is 
satisfied. Note that the diffraction intensity is finite for 
€ 
Δk = g + s, where g is a reciprocal 
lattice vector satisfying the Laue condition and s represents a small deviation from this 
condition. This is especially relevant for considering how the specimen’s shape, such as 
that of a one-dimensional nanowire, may induce diffuse diffraction, causing diffraction 
spots to deviate from perfectly circular spots. 
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4.1.3.2	  Mass-­‐thickness	  
Mass-thickness scattering contrast is due to incoherent elastic and inelastic 
scattering of the electron beam by variations in the projected sample density/thickness. In 
bright field (BF) TEM, a more dense and/or thicker sample appears darker; in dark field 
(DF), it appears brighter. 
A quantum mechanical approach for the elastic (
€ 
k0 = k ) scattering cross section 
considers the incident electron wave to be distorted by an atom in the sample. In 
comparison to the classical Rutherford model, this approach accounts for Coulombic 
screening of the nucleus, which has significant effects in materials of high Z. The 
quantum mechanical model gives the elastically scattered cross section dσel/dΩ as 
,            (4.10) 
where ve is the velocity of the electron and θ0 is the characteristic angle. It is immediately 
seen that elastic scattering depends strongly on Z, providing mass contrast. 
 Mass-thickness contrast due to inelastic scattering is more complicated, in that it 
accounts for electronic transitions caused by energy transfer from the incident electron to 
atoms in the sample. Using a classical approach of energy and momentum conservation 
of both the incident electron and the scattering body, the energy loss can be described 
by , with  representing the energy loss of the incident electron from an 
initial energy E0 to a final energy E. The inelastic scattering cross section dσinel/dΩ is then 
given by 
€ 
dσinel
dΩ =
λe
4 1+ E /E0( )
2
4π 4aH2
Z 1− 1
1+ θ /θ0( )
2[ ] 2
⎧ 
⎨ 
⎪ 
⎩ 
⎪ 
⎫ 
⎬ 
⎪ 
⎭ 
⎪ 
θ 2 +θE
2( )2
.      (4.11)
 
 The decrease of the number of unscattered electrons dn can then be calculated as 
            (4.12) 
where N is the number of particles and dz is a thin section of the sample [153]. 
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4.1.3.3	  Electron	  diffraction	  
Diffraction of the electron beam by a crystalline sample creates coherent contrast 
that varies with the orientation of the beam relative to that of the crystal. The origin of 
diffraction contrast can be understood by considering the dynamical theory for electron 
diffraction, which accounts for repeated scattering events of incident electrons with atoms 
within the sample and the dynamical interaction between the incident and scattered 
electron waves. Dynamical theory describes the incident electron as a plane wave 
(wavevector k) and the crystalline periodic potential (Ug with periodicity given by the 
reciprocal lattice vector g) as a Fourier series, 
€ 
V r( ) = Ug
g
∑ ei2πg ⋅r .          (4.13) 
Next, the Bloch theorem is employed such that the electron wavefunction within the 
periodic medium is the product of the plane wave and the Bloch envelope, which has the 
same periodicity as the potential: 
€ 
ψ r( ) = φg
g
∑ z( )ei2π k 0 +g( )⋅r .          (4.14) 
The application of the Hamiltonian operator to the wavefunction equation (4.14) with the 
periodic potential given in equation (4.13) produces the Howie-Whelan equation for 
every vector of reciprocal space g, equation (4.15), which describes how the scattered 
beam g changes as it travels through the sample: 
€ 
∂φg z( )
∂z = isgφg z( ) +
i
2ξg−g'
φg z( )
g≠g'
∑ ,           (4.15) 
where sg is the deviation parameter and 
€ 
ξg  the extinction distance, given by 
  
€ 
1
ξg−g'
=
−2m
2kz
Ug−g',                                (4.16) 
where kz the magnitude of the sum of the displacement and reciprocal lattice vector in the 
direction z through the sample. In the two-beam case, where only the direct (0) and 
diffracted (g) beams travel through the sample, an analytical solution to the Howie-
Whelan equations may be obtained for the intensity of the diffracted beam Ig: 
€ 
Ig = ψg
2
=
1
1+ sg2ξg2
sin2 sgz2 1+ sgξg( )
−2⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ .               (4.17) 
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This theory explains many contrast mechanisms, including thickness fringes (from the 
sample thickness z), chemical/compositional contrast (crystal potential Ug-g’), bend 
contours (deviation parameter sg), and strain and defect contrast (displacement of atom 
positions) [154]. 
Further, dislocation analysis may be conducted under the two-beam condition, 
through 
€ 
k0 ⋅ r  in the exponential of the wave equation (4.14). Atoms are displaced from 
their equilibrium positions by strain fields around defects: 
€ 
rdefect = rperfect +δr ,         (4.18) 
such that the intensity of the diffracted beam now depends upon 
€ 
k0 + g( ) ⋅ rperfect +δr( ). 
The dependence can be simplified by recognizing that 
€ 
k0 ⋅ r  is equal to the sum of k0z, 
€ 
k0 ⋅ rperfect  (an integer), and 
€ 
k0 ⋅ δr ≈ 0. The imperfection then produces an additional 
phase factor, 
€ 
g⋅ δr , that will produce contrast when non-zero. The atomic displacement 
€ 
δr  for a screw dislocation is given by 
€ 
δr = b2π tan
−1 z − zd
x
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟             (4.19) 
and for an edge dislocation by 
€ 
δr = 12π
btan−1 yx
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ +b xy2 1−υ( ) x 2 + y 2( )
+
b × ζ( ) x
2 − y 2
4 1−υ( ) x 2 + y 2( )
+
1− 2υ( ) ln x 2 + y 2( )
4 1−υ( )
⎡ 
⎣ 
⎢ 
⎢ 
⎤ 
⎦ 
⎥ 
⎥ 
⎧ 
⎨ 
⎪ 
⎪ 
⎩ 
⎪ 
⎪ 
⎫ 
⎬ 
⎪ 
⎪ 
⎭ 
⎪ 
⎪ 
,   (4.20) 
where b is the Burgers vector, z-zd is the distance of the dislocation core below the top 
surface of the sample, 
€ 
υ is Poisson’s ratio, and 
€ 
ζ  is the dislocation line. Therefore, when 
the diffracted beam g is perpendicular to b for a screw dislocation, the invisibility 
criterion 
€ 
g⋅ δr = 0  is satisfied because 
€ 
δr  is perpendicular to b and the dislocation 
produces no contrast. For an edge dislocation, both 
€ 
g⋅ b = 0 and 
€ 
g⋅ b × ζ( ) = 0  must be 
satisfied to meet the invisibility criterion [154]. Thus, in principle both the Burgers vector 
and the dislocation type may be determined by varying the selection of the diffracted 
beam g. 
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4.2 Cathodoluminescence 
 CL is the emission of photons that results from energy transitions caused by the 
bombardment of a sample by electrons (see Figure 4-1). In comparison to other spectral 
luminescence techniques (photoluminescence, electroluminescence, etc.), the CL 
technique has: the highest spatial resolution, allowing for the excitation of individual 
nanostructures; multi-mode imaging capabilities, for the direct correlation between 
structural and optical properties; and a large depth of field, for the excitation of a three-
dimensional object [41]. CL is thus an ideal tool for the direct correlation of structural 
and optical properties on the nanoscale. 
 
4.2.1	  Cathodoluminescence	  generation	  
Radiative emission can be categorized into intrinsic and extrinsic transitions: 
intrinsic emission has a fundamental energy due to a band edge; whereas extrinsic 
emissions require activation, such as that from defect levels. Figure 4-3 schematically 
summarizes common electronic transitions that produce CL in semiconductors. Intrinsic 
transitions include (1) intraband, (2) interband, and (3) (free) exciton decay. Extrinsic 
transitions include (3) (impurity-bound) exciton decay, (4) donor to free hole, (5) free 
electron to acceptor, (6) donor-acceptor pair, and (7) excitation/decay of an impurity. 
Note that the intraband transition (1) is a phonon-mediated transition, meaning that 
nonradiative recombination may occur.  
 
 
Figure 4-3. Schematic illustration of common radiative electronic transitions across the 
direct bandgap (Eg) between the conduction (EC) and valence bands (EV) and exciton 
(EE), donor (ED), and acceptor (EA) levels. Adapted from [41]. 
 
	   81 
Like other forms of luminescence, the energy of the CL emission ECL is 
determined by the difference in energies of the two states involved in the electronic 
transition: 
,      (4.21) 
where Ef and Ei are the final and initial electronic energies, respectively, of the various 
states described above. Considering equation (4.19), it is clear that these and many other 
transitions may be detected and uniquely identified by CL. 
 
4.2.2	  Spatial	  resolution	  of	  the	  cathodoluminescence	  technique	  
 The spatial resolution of the CL technique is improved by reducing the electron 
probe size by working in scanning mode [in either SEM or TEM, then considered to be in 
scanning transmission electron microscopy (STEM) mode), size of the excitation volume, 
and minority carrier diffusion length. The probe diameter dp is reduced by decreasing the 
beam current I [155]: 
,       (4.22) 
where J is the current per solid angle, Cs1 and Cs2 are the spherical aberrations introduced 
by the gun and the objective lens, respectively, and M is the demagnification [153].  
A semi-empirical equation for the electron range (in µm) within the sample, and 
thus the excitation volume, is given by 
€ 
R = 0.0276AE0
2
Z 0.89ρ ,         (4.23) 
where A is the atomic weight (g/mol), E0 is the beam energy (keV), and ρ is the density 
(g/cm3) [156]. In general, the electron range is bulb-shaped with a narrow neck at the 
entry point that widens with penetration due to sample interaction. The mean deviation 
angle of the electrons in the neck region θneck can be estimated from the semi-empirical 
Lenz expression for total inelastic scattering, 
€ 
θneck ≈ 6.2 ×10−3
Z
E0
Net
a3  ,              (4.24) 
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where Ne is the number of electrons in the unit cell, t is the sample thickness (nm), and a 
is the unit-cell dimension (nm) [157]. Thus, increasing the accelerating voltage will 
decrease the excitation volume in a thin TEM sample [42]. 
In contrast to photoluminescence, where one photon generates one electron-hole 
pair, one high-energy electron may generate thousands of carriers in the CL technique 
through multiple scattering events within the excitation volume. The number of electron-
hole pairs generated per incident beam electron is given by the generation factor G, 
€ 
G = E02.8Ei + B
1−γ( ) ,            (4.25) 
where Ei is the ionization energy required to form one electron-hole pair, B is a material 
dependent-parameter that is between 0 and 1 keV, and γ is the backscatter rate [158].  
Once carriers are generated, they may diffuse from the excitation volume to recombine 
elsewhere, degrading the spatial resolution. The differential equation of continuity may 
be employed to describe the diffusion of stationary excess minority carriers for 
continuous irradiation: 
,              (4.26) 
where D is the diffusion coefficient, Δn is the excess minority carrier density, and τ is the 
minority carrier lifetime. Sample temperature should be optimized to reduce carrier 
diffusion, as the diffusion length may increase or decrease with decreasing temperature, 
depending upon the material. In addition, heterostructures may confine carriers through 
energy barriers [42]. 
The carrier lifetime τ, which may be radiative (τradiative) or nonradiative 
(τnonradiative), is given by 
.        (4.27) 
Longer carrier lifetimes allow for carrier diffusion further from the excitation volume and 
are thus generally not desirable when requiring high-resolution. 
 Post-processing techniques may also be employed to improve spatial resolution, 
such as by correlating the CL wavelength dispersion to changes in nanostructure size 
[159]. Recent reports of CL spatial resolution in the STEM can reach < 20 nm [42, 160], 
and down to 1 nm with post-processing [159]. 
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4.2.3	  Causes	  of	  inhomogeneous	  cathodoluminescence	  intensity	  
 The CL of a sample may be spatially inhomogeneous due to a variety of factors 
that provide insights to the nanoscale morphology of a sample. This section reviews 
reports of spatially inhomogeneous CL that has been observed on the nanoscale. 
 The diffusion of excited carriers to nonradiative recombination centers within the 
excited nanostructure is a common source of CL quenching. In this case, τnonradiative << 
τradiative, such that equation (4.27) reduces to τ ≅ τnonradiative. One-dimensional dislocations 
and two-dimensional stacking faults are well-known sources of nonradiative 
recombination [41, 161, 162]. It is thought that these dislocations quench CL by 
introducing narrow energy bands near the middle of the bandgap, associated with 
dangling bonds; as well as shallow levels, from the localized deformation potential due to 
the elastic strain field of dislocations [41]. Zero-dimensional defects also cause local CL 
inhomogeneities, and may be introduced by surface states, an emission-quenching 
impurity such as Au [20], electron beam damage [163], and strain [164]. 
Excited carriers may also diffuse to nonradiative recombination centers beyond 
the excited nanostructure. Metallic nanoparticles conjugated to nanostructures may 
provide external surface states that act as nonradiative recombination sinks for excited 
electrons, leaving behind unpaired holes [23]. (Alternatively, a recent report observed 
contradicting behavior in a Au nanoparticle/ZnO nanowire system, citing a possible 
origin of the increased CL intensity from a quick establishment of a uniform Fermi level 
between Au and ZnO [24].) The packing density of nanostructures may also influence 
their CL intensity efficiency [165]. 
Finally, the formation of standing waves within the nanostructure, such as that in 
Fabry-Pérot and whispering gallery modes, causes periodic quenching of CL [166, 167]. 
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4.3 Electron microscopy experimental methods 
 The investigation of nanostructures in this thesis relied heavily on the various 
electron microscopy techniques outlined in this chapter. Below are the details of the 
equipment used for the thesis work (in the Shared Equipment Facility at the Center for 
Materials Science and Engineering at the Massachusetts Institute of Technology) and 
their operating parameters. 
 
4.3.1	  Electron	  microscopy	  
 The electron microscopes and their respective electron sources are as follows: 
JEOL 6320 SEM, cold field emission; FEI Helios Nanolab 600 Dual Beam Focused Ion 
Beam Milling System, Schottky field emission; JEOL 2011 TEM/STEM, thermionic 
LaB6; and JEOL 2010F TEM/STEM, heated field emission. All microscopes utilize a 
series of electromagnetic lenses to focus and direct the electron beam. In the SEM, 
secondary electron images were collected by an Everhart-Thornley detector and 
backscattered electron images with an in-lens biased electron detector with scintillator 
and electron multiplier. TEM images were collected by charge-coupled devices (CCD). 
The SEM was operated at 5 kV and 6 mm working distance and the TEMs were operated 
at 200 kV for BF, DF, and lattice-resolved HR imaging, as well as for energy dispersive 
and electron energy loss spectroscopies. DF images were collected with a diode-type 
detector. 
 
4.3.2	  Cathodoluminescence	  in	  the	  scanning	  transmission	  electron	  
microscope	  
 The JEOL 2011 TEM/STEM was equipped with a Gatan MonoCL3 CL+ system, 
as shown in Figure 4-4. In STEM mode, the electron beam is converged to a point ~1 nm 
in diameter on a thin sample. The emitted CL is collected by a paraboloidal-shaped 
mirror (~3 mm in height) that sits between the pole piece and the sample, and funneled 
through an evacuated tube to the monochromator. The CL emission may be analyzed by a 
photomultiplier tube (PMT) or a CCD for serial or parallel detection, respectively. Serial 
detection collects specific wavelengths individually to produce spectra and 
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monochromatic CL intensity maps. Parallel detection disperses the CL emission onto a 
1340 x 1400 pixel CCD for simultaneous detection of the entire CL spectrum at each (x, 
y) position. A reduced accelerating voltage of 120 kV was used to minimize sample 
damage by electron beam radiation. Sample temperatures were controlled between 110-
300 K by a liquid nitrogen-cooled cryogenic holder.  
 
 
 
Figure 4-4. CL-STEM used in this thesis. “e-beam” refers to the electron beam. Adapted 
from [42]. 
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Chapter 5. Exciton-Phonon Coupling in Individual GaAs 
and AlGaAs Nanowires 
 
 
Investigation of the underlying mechanisms of electron-phonon coupling in 
individual nanowires extends our knowledge of these fundamental processes from the 
bulk into nanostructures, a critical link in the development of optoelectronic devices, 
especially those based upon single nanostructures. This chapter begins with the study of 
the nanoscale morphology of individual GaAs and AlGaAs nanowires grown by metal-
organic chemical vapor deposition. Investigation of individual nanowires by Raman 
spectroscopy reveals exceptionally strong multiphonon modes, indicative of significant 
Fröhlich coupling. Resonance curves of the Fröhlich coupling in individual GaAs and 
AlGaAs nanowires were collected across the direct bandgap, and the GaAs resonance 
curve was fit with a two phonon-excitonic scattering model to confirm the scattering 
pathway. Long exciton lifetimes, extracted as fit parameters from the model, reveal that 
the origin of the prominent Fröhlich coupling is due to strong exciton wavefunction 
confinement, likely at the multitude of charged states at the nanowire surface. Finally, 
Fröhlich coupling strength was investigated as a function of nanowire diameter to 
understand the effects of surface area-to-volume ratio and exciton quantum confinement. 
 
 
5.1 GaAs and AlGaAs nanowire morphology 
Optoelectronic properties, such as those critical to the functioning of exciton 
transistors and photodetectors, are affected by the Fröhlich coupling between electrons 
and phonons [19], as discussed in Chapters 1 and 3. Here, the Fröhlich coupling of 
individual GaAs and AlGaAs nanowires were measured by resonant Raman spectroscopy 
to further the understanding of how this phenomenon is influenced by nanoscale 
dimensionality. Much of this work on GaAs nanowires has been published by the author 
[91]. 
GaAs and AlGaAs nanowires were first investigated by electron microscopy to 
confirm the overall morphology and structural quality of individual nanowires. Figures 5-
1a and 5-1d show scanning electron microscopy (SEM) images of GaAs and AlGaAs 
nanowires, respectively, as grown on GaAs (111)B substrates. The uniformity in 
nanowire lengths and diameters, as well as the epitaxial growth of the nanowires from the 
substrates, indicate strict control over the nanowire growth conditions and verify that any 
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nanowire chosen for these experiments would be representative of the nanowire 
population. Bright field (BF) transmission electron microscopy (TEM) images of 
individual GaAs and AlGaAs nanowires in Figures 5-1b and 5-1e show that the 
nanowires are defect-free with lengths ~7 µm and diameters ranging from 80 to 120 nm, 
and verify crystallinity along the length of the nanowires. All Raman experiments were 
performed with the laser spot focused in the same spot near the middle of each nanowire, 
which is approximated to be 100 nm in diameter. Accompanying selected-area diffraction 
patterns in Figures 5-1c and 5-1f reveal that both GaAs and AlGaAs nanowires have 
single-crystal zincblende structure and grow along the <1-11> direction. These results are 
consistent along the nanowire length, among all investigated nanowires, and with our 
previous results [168, 169]. Energy dispersive x-ray spectroscopy (EDS) spectra collected 
from five AlGaAs nanowires indicate an average composition of Al0.18Ga0.72As at the 
seed and Al0.37Ga0.63As at the base, due to a slight tapering resulting from vapor-solid 
growth [169]. 
 
 
Figure 5-1. Electron microscopy images of GaAs and AlGaAs nanowires. SEM of (a) 
GaAs and (d) AlGaAs nanowires as-grown on GaAs substrates. Scale bars are 2 µm. BF-
TEM of a single (b) GaAs and (e) AlGaAs nanowire. Scale bars are 500 nm. (c) and (f) 
Corresponding lattice-resolved TEM images and selected-area diffraction patterns along 
<110> zone axis for GaAs and AlGaAs nanowires, respectively, indicating <1-11> 
growth directions. Scale bars are 5 nm. 
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5.2 Observation and origin of multiphonon cascades 
As described in Chapter 3, micro-Raman spectroscopy was employed as a non-
destructive characterization technique to understand the phonon modes within individual 
nanowires. Typical micro-Raman spectra shown in Figure 5-2 insets collected from 
individual GaAs and AlGaAs nanowires away from resonance (1.58 eV) depict the basic 
transverse and longitudinal optical (TO and LO, respectively) modes, whose origins are 
due to the crystalline periodicity. Strong multiphonon modes (2LO, 3LO, etc.) and 
combinations of the LO and multi-LO modes with the TO mode were also observed, as 
summarized in Table 5-1, with a maximum error of ±1 cm-1 due to the spectral resolution 
of the Raman system. AlGaAs exhibits two-mode behavior, where both AlAs and GaAs 
sublattices give unique phonons, as well as a longitudinal-transverse AlAs multiplet 
coinciding with pure GaAs evolves roughly linearly with the concentration of Al toward 
the localized mode of a Ga atom in the pure AlAs crystal [25]. Interestingly, relative 
intensities of 1LO and 2LO peaks vary significantly with the incident excitation energy, 
indicating the resonance of an electronic transition. 
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Figure 5-2. Multiphonon cascade in individual GaAs and AlGaAs nanowires, observed 
by micro-Raman spectroscopy. (a) For GaAs, truncated spectra at 1LO resonance (1.42 
eV) and 2LO/1LO resonance (1.49 eV). (b) For AlGaAs, truncated spectra at 1LO 
resonance (1.74 eV), 1AlAs resonance (1.76 eV) and 2LO/1LO and 2AlAs/1AlAs 
resonance (1.79 eV). Full spectrum for (a, inset) GaAs and (b, inset) AlGaAs, excited 
away from resonance (1.58 eV). First order (TO, LO), higher-order (2LO, 3LO, 2AlAs, 
etc.), and combination (1LO+TO, etc.) modes, as well as a broad photoluminescence 
(PL) peak, are indicated. 
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Table 5-1. Summary of Raman modes for individual GaAs and AlGaAs nanowires 
excited at 1.58 eV, as shown in Figure 5-2 insets. Dashes (“---”) indicate absent peaks. 
Raman Shift (cm-1) Raman 
Mode GaAs AlGaAs 
TO 263 263 
1LO 284 284 
AlAs 1LO --- 353 
1LO + TO 550 550 
2LO 575 574 
AlAs 2LO --- 643 
2LO + TO 842 840 
3LO 866 863 
AlAs 3LO --- 931 
4LO 1156 --- 
 
The observation of multiphonon modes, such as those above in GaAs and AlGaAs 
nanowires, implies complex interactions between phonons and their local environs that 
necessitate further study. Multiphonon modes in polar semiconductors are typically 
associated with Fröhlich coupling between an electron and a macroscopic electric field 
formed by microscopic deformations of a polar lattice, i.e., the physical displacement of 
charged atoms [128, 133]. Because only the LO modes induce strong electric fields, the 
polar coupling occurs only to LO modes, and not to TO modes [133]. Since only the LO 
mode exhibits the cascading phenomenon shown in Figure 5-2, this suggests that 
Fröhlich coupling is the relevant cascade-aiding mechanism in GaAs and AlGaAs 
nanowires. Except for Fröhlich coupling, other electron-phonon coupling mechanisms 
have been observed in semiconductors such as deformation potential and Fano coupling 
(Section 3.5.2), but they are not applicable because we do not observe a simultaneous TO 
cascade and because all observed peaks are symmetric, respectively . 
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5.3 Fröhlich coupling resonance cross-section 
 The variation in multiphonon peak intensities with excitation energy in Figure 5-2 
suggests the onset of resonance at an electronic transition. To further investigate the 
resonance behavior of this scattering pathway, and thus the cross-section of the Fröhlich 
coupling strength, the multiphonon intensities were collected as a function of excitation 
energy in individual GaAs and AlGaAs nanowires. 
5.3.1	  GaAs	  nanowire	  
The 2LO/1LO resonance profile of an individual GaAs nanowire is shown in 
Figure 5-3a. A sharp outgoing resonance is observed at 5 meV below 
  
€ 
EgGaAs + 2ωLO (with 2LO/1LO ratios as high as 5.7), with a small shoulder at 2 meV 
below   
€ 
EgGaAs + ωLO  and no incoming resonance feature at the direct bandgap . 
Here,   
€ 
 is the Planck constant and 
€ 
ω LO  is the LO phonon frequency. The resolution of 
the spectrometer is at best 0.12 meV in this energy regime. In these calculations, we 
included the blueshift of the bulk  value [25] due to quantum confinement in 
nanowires with 100 nm diameters (estimated to be 0.5 meV [126]); while the GaAs LO 
phonon energy was calculated from the measured LO mode frequency to be   
€ 
ω LO = 
36.14 meV. 
The resonance profile of the 1LO mode of the same individual GaAs nanowire in 
Figure 5-3b shows a broad maximum around   
€ 
EgGaAs +1/2ω LO , consistent with intrinsic 
Raman scattering [128, 170]. However, due to the distribution of the measured data 
points, intrinsic scattering is also possible, which is characterized by an asymmetric 
maximum around   
€ 
EgGaAs + ω LO . 
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Figure 5-3. Resonance profiles for an individual GaAs nanowire. (a) 2LO/1LO 
intensities ratio (indicative of Fröhlich coupling strength), with sharp resonance at two 
phonon energies above the direct bandgap (  
€ 
EgGaAs + 2ω LO ). Direct bandgap ( ) and 
one phonon energy above the direct bandgap (  
€ 
EgGaAs + ω LO) are also indicated. (b) 1LO 
intensity shows a broad maximum around , as expected for intrinsic 
scattering. Error in the data due to the curve fitting is less than 3%. 
 
5.3.2	  AlGaAs	  nanowire	  
A Fröhlich resonance profile similar to that for the GaAs nanowire (Figure 5-3) is 
observed in an individual AlGaAs nanowire, as shown in Figure 5-4. Due to the two-
mode behavior of AlGaAs, both GaAs LO and AlAs cascade signals may be analyzed 
separately for Fröhlich coupling strength, and maximum 2LO/1LO ratios of 6.3 for GaAs 
and 3.2 for AlAs modes are observed. 
From the position of the GaAs LO phonon mode, the local bandgap of the 
AlGaAs nanowire probed by Raman spectroscopy was calculated to be  = 1.745 
eV, corresponding to Al0.228Ga0.772As [171], which is within the Al-composition range 
measured by EDS (Section 5.1). The 2LO/1LO resonance profiles for both the GaAs and 
AlAs modes in Figure 5-4a shows a sharp outgoing resonance 1 meV above 
  
€ 
Eg AlGaAs + ω LO  and, within the error of the measurements, at   
€ 
Eg AlGaAs + ωAlAs  (where 
  
€ 
ωAlAs = 46.60 meV). However, it is likely not meaningful to compare the resonance 
positions with these transitions, as the calculated Al-composition at the sampling point 
varies depending on the calculation method (1LO resonance, AlAs phonon frequency, 
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etc.) and the transitions are relatively close in energy space. Further, despite careful 
attempts to illuminate the nanowire at the same location for each measurement, the Al-
composition gradient may contribute to a variation of the bandgap and phonon energies 
along the length of the nanowire, as further indicated by the increased scattering in the 
data of Figure 5-4. The   
€ 
Eg AlGaAs + 2ωAlAs  region was inaccessible due to wavelength 
tunability restrictions of the laser. 
The 1LO values for GaAs and AlAs modes are included in Figure 5-4b. The 
GaAs 1LO data has a broad maximum around , and a potential dip in the 
intensity at the 2LO/1LO resonance. The 2LO data (not shown) is largest at the 2LO/1LO 
resonance with a peak intensity of 32.15, suggesting that the 2LO/1LO maximum may 
occur at the expense of the 1LO intensity. 
 
 
Figure 5-4. Resonance profiles for an individual AlGaAs nanowire. (a) 2LO/1LO 
intensities ratio shows sharp outgoing resonance at   
€ 
Eg AlGaAs + ωAlAs . (b) 1LO intensities 
for GaAs and AlAs modes. 
 
5.3.3	  Discussion	  of	  Fröhlich	  coupling	  strength	  
Comparison of the Fröhlich coupling strength in the GaAs nanowire system to 
that in the bulk at   
€ 
EgGaAs + 2ωLO has been impossible because excessive 
photoluminescence (PL) at the direct bandgap transition has hampered all previous 
attempts in bulk GaAs [31]. (No reports of such studies in AlGaAs currently exist.) 
Relatively low PL signal in nanowires may be due to PL quenching by the multitude of 
surface states on the nanowire surface, thus allowing for enhanced resolution of the 
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Raman modes. The closest comparison that can be made is with the work of Trommer 
and Cardona, who reported a maximum 2LO/1LO ratio of 0.25 at   
€ 
EgGaAs + Δ 0 + 2ωLO 
for (110) bulk GaAs [172], where  is the additional energy above  for the split-
off band orbital. Because our experimental set-up is similar and we employ the same 
family of surfaces (GaAs nanowires grown along <1-11> directions have {110} surface 
facets) to that of Trommer and Cardona, we can directly compare our maximum 
2LO/1LO ratio of 5.7 at   
€ 
EgGaAs + 2ωLO to find that electron-phonon coupling in GaAs 
nanowires is significantly stronger than that for bulk GaAs at a nearby transition. 
 
5.4 Fröhlich coupling model 
The resonance profile was fit with a model to confirm two-phonon excitonic 
scattering in the GaAs nanowire. LO cascade action with periodicity of   
€ 
ω LO  implies 
excitonic transitions because the relaxation of an unbound exciton from a continuous to a 
bound state is mediated by phonons [137, 141, 173]. While the single-phonon cascade 
model [173] can explain the existence of multiphonon modes, it does not account for our 
observation of 2LO/1LO > 1 at resonance. On the other hand, a two-phonon excitonic 
scattering model by García-Cristóbal, et al. [141] correlates well with our results. Here, a 
simplified version of this model is presented to verify two-phonon excitonic transitions in 
the single GaAs nanowire under resonant conditions. 
 
5.4.1	  Two-­‐phonon	  excitonic	  scattering	  model	  
When a photon impinges on a crystal, a virtual exciton in the internal state 
€ 
α  is 
formed; the exciton is then relaxed through a two-step process via intermediate states 
€ 
β 
and 
€ 
γ , forming an LO phonon of frequency ωLO at each step (Figure 5-5). Excitonic 
intermediate states can be either continuous unbound (c) or discrete bound (d) excitonic 
states, so a two-step excitonic transition can be represented by eight permutations of three 
consecutive intermediate states of these two types; two of which are shown in Figure 5-
5b. Each of the intermediate states can be characterized by the exciton center-of-mass 
wavevector K and the internal exciton wavevector k, but for the initial and final states K 
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= 0 because the incoming and outgoing photons have negligible wavevectors and 
momentum is conserved throughout the process. The quantum-mechanical scattering 
amplitude 
€ 
Wαβγ  for each scattering process can be described as follows: 
  
  
€ 
Wαβγ ∝ dk0
∞
∫ 1
ω l − Eα + iΓα( )
1
ω l − ω LO − Eβ + iΓβ( )
1
ω l − 2ω LO − E γ + iΓγ( )
, (5.1) 
where   
€ 
ω l  is the energy of the incident laser light, 
€ 
Eαβγ  and 
€ 
Γαβγ  are the energy and 
width (i.e., damping constant), respectively, of the corresponding excitonic state. 
Constant matrix elements were assumed for electron-photon and electron-phonon 
couplings, as these have negligible effects on the shape of the profile [128] and are 
inconsequential to the final intensity of the resonance profile, as the calculated model 
intensity is scaled manually to match that observed experimentally. The energy of the 
electronic states can be described as 
  
€ 
Ed = Eg +
2k2
2me
−
ℜ
n2  and      (5.2a) 
  
€ 
Ec = Eg +
2k2
2me
+
2k2
2µ              (5.2b) 
for a discrete and continuous state, respectively. Here, Eg is the energy band gap (for 
GaAs nanowires, Eg = 1.423 eV is calculated from the fit),  is the Rydberg constant, n 
= 1, 2, … is the principle quantum number of the hydrogen-like bound state, and 
 is the reduced mass calculated from the effective electron (hole) 
mass in GaAs me = 0.063mE (mh = 0.51mE), with mE as the rest mass of an electron. 
Finally, the 2LO Raman scattering intensity I2LO can be calculated by integrating the 
square of the sum of all of the scattering amplitudes over all K wavevectors, 
€ 
I2LO = dK0
∞
∫ Wαβγ
α ,β ,γ
∑
2
.     (5.3) 
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Figure 5-5. Two-phonon excitonic scattering. (a) Feynman diagram. (b) Excitonic energy 
diagram, depicting scattering sequences  and . 
 
5.4.2	  Application	  to	  a	  GaAs	  nanowire	  Fröhlich	  coupling	  resonance	  cross-­‐
section	  
First, the 2LO Raman scattering contributions were calculated separately for each 
of the eight scattering pathways, assuming that the lowest exciton state (n = 1) is the only 
level that provides significant contribution to the shape of the Raman intensity profile. 
From these calculations, the most important contributions to the scattering intensity are 
found to be , , , , , and ; 
while  and  have negligible contributions and were excluded from 
further calculations. Moreover, García-Cristóbal, et al. have also noted that the scattering 
sequences between two continuous and one discrete state ( , , and 
, “Type 1”) and between one continuous and two discrete states ( , 
, and , “Type 2”) provide the most significant effect to the overall 
Raman scattering intensity, and are shown in Figure 5-6a-b [141]. 
It is assumed that the integration over all wavevectors of the center of mass 
motion for both continuous and discrete states is unnecessary, as this time-intensive step 
contributes minimally to the final intensity, so this integration was performed for the 
discrete states only. Each of the remaining six contributions were manually weighted 
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prior to integration over K. The excitonic damping constants Γc (Γd) for continuous 
(discrete) states were determined from the fit to be 9 meV (5 meV), regardless of the 
exciton wavevectors K and k. The final model intensity was scaled to match that of the 
experimental data.  
The obtained model fits well with the 2LO data of the GaAs nanowire, confirming 
two-phonon excitonic transitions in a nanowire similar to the predictions for the bulk 
(Figure 5-6c). The damping parameter Γd = 5 meV was found to be smaller than the 
damping of 7 meV reported for the bulk by modeling at the neighboring  
transition [141]. This verifies the observed enhancement in multiphonon scattering 
intensity [128]. The damping factor, equivalent to the lifetime broadening found in other 
optical experiments [141], is sensitive to variables such as temperature [30] and quantum 
confinement [128], so extra precautions were taken to ensure constant (room) 
temperature and minimal incident laser powers with long equilibration times. (As 
mentioned earlier, the diameter of the nanowires is too large for measurable quantum 
confinement.) A smaller damping factor in nanowires at the Eg transition, as compared to 
the bulk at the  transition, implies stronger electron-phonon coupling and 
confinement of the exciton wavefunction in k space [30], leading to longer exciton 
lifetimes. This enhancement of exciton-phonon coupling in comparison to the bulk is 
likely due to strong coupling to charged surface states [134, 150], whose population 
density greatly exceeds that in the bulk due to high surface area-to-volume ratios. 
Consequently, Fermi level pinning occurs at the nanowire surface, generating a depletion 
space charge layer that physically separates electrons and holes, leading to significantly 
enhanced photocarrier lifetimes [29]. Future GaAs nanowire devices, such as exciton 
transistors [28], single photon sources [131], and photodetectors [29] whose performance 
is dependent upon prolonged polarization, narrow excitonic transition linewidths, and 
persistent photoconductivity, respectively, will benefit from these small damping factors. 
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Figure 5-6. Two-phonon excitonic scattering model results. (a) Type 1 and (b) type 2 
scattering sequences. (c) The full model, including all type 1 and type 2 scattering 
sequences. 
 
5.5 Diameter-dependent Fröhlich coupling strength of 
individual tapered GaAs nanowires 
 In Sections 5.2-5.4, it was established that the multiphonon cascade observed in 
single GaAs nanowires is due to Fröhlich coupling and that the strong 2LO/1LO 
resonance is due to two-phonon excitonic Raman scattering from strong exciton 
wavefunction confinement, likely to charged surface states. To further understand how 
Fröhlich coupling strength is affected by nanowire diameter, which changes both the 
surface area-to-volume ratio (and thus energy band bending due to Fermi level pinning at 
the surface) and the exciton quantum confinement, individual GaAs nanowires were 
investigated whose diameters changed continuously over the Bohr exciton diameter 
threshold (22.4 nm [25]). In practice, experimentally probing diameters less than the 
Bohr exciton diameter is difficult due to size constraints—thus, GaAs is an ideal test-
system as the Bohr exciton in GaAs is large relative to other semiconductors.  
A motorized stage enabled the collection of Raman intensity maps along the 
lengths of three tapered GaAs nanowires (Section 3.6.3). In this way, nanowire diameter 
was gradually tuned to allow for continuous diameter-dependent measurements within a 
single nanowire. The nanowire diameter gradient was determined after Raman 
spectroscopy by atomic-force microscopy, where the same nanowire was located by a 
lithographically-defined grid on the substrate.  
The TO/1LO ratios as a function of excitation energy and nanowire diameter are 
shown in Figure 5-7. By analyzing the ratio of the TO and 1LO peaks, and not their 
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absolute intensities, changes in the Raman signal due to variations in GaAs mass along 
the length of tapered nanowires are removed. The TO/1LO ratio is observed to 
continuously increases with increasing excitation energy (for a fixed nanowire diameter 
range) and with nanowire diameter (for a fixed excitation energy). This can be explained 
by the resonance of the 1LO intensity at the bandgap. The variation in TO/1LO intensity 
slopes with nanowire diameter and excitation energy is likely due to quantum 
confinement at small nanowire diameters, which causes the electronic bandgap to 
blueshift by a magnitude ΔE: 
,         (5.4) 
where d is the nanowire diameter [126]. For reference, the blueshift of the GaAs bandgap 
is illustrated in Figure 5-7c. For nanowires whose diameters pose negligible quantum 
confinement (i.e., those above ~40 nm), the 1LO peak intensity increases as the 
excitation energy approaches the bulk GaAs bandgap (1.42 eV). For smaller diameters, 
the bandgap is closer to the range of excitation energies due to quantum confinement, so 
the 1LO peak is already near its maximum and thus the TO/1LO ratio changes at a slower 
rate. The diameter that experiences the largest blueshifted bandgap occurs at 19 nm, 
which is 1.486 eV. 
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Figure 5-7. TO/1LO as a function of (a) excitation energy and (b) nanowire diameter. 
Each point in (a) and (b) represents an average of 2-5 measurements. (c) Variation of the 
GaAs direct bandgap with nanowire diameter, due to quantum confinement, as described 
by equation (5.4). 
 
In Figure 5-8, 2LO/1LO ratios are depicted as a function of excitation energy and 
nanowire diameter, with the expected 2LO/1LO resonances at  indicated 
by solid and dashed arrows (where the colors correspond to the particular nanowire 
diameter and excitation energy, respectively), as calculated by equation (5.4). The 
expected resonances qualitatively match those obtained experimentally. The resonance 
for the 14-19 nm diameter range is expected to be just beyond the limit of the laser 
wavelength tunability, so the 2LO/1LO signal at resonance for this diameter range is 
likely similar to the value at the limit. 
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Figure 5-8. 2LO/1LO as a function of (a) excitation energy and (b) nanowire diameter. 
Colored arrows denote expected 2LO/1LO resonance. Each point in (a) and (b) represents 
an average of 2-5 measurements. 
 
 The maximum 2LO/1LO ratio was then extracted at any wavelength at all 
diameters, as shown in Figure 5-9. By not restricting the excitation wavelength for the 
determination of the maximum 2LO/1LO, a constant resonance condition at all diameters 
is obtained. The 2LO/1LO ratio is approximately constant with diameter in the range of 
14.8-55.3 nm, mostly centered around 0.26, which is significantly less than that measured 
for individual GaAs nanowires with diameters of 100 nm (2LO/1LO = 5.7, Section 
5.3.1). Further, no significant change in coupling strength is observed at the Bohr exciton 
diameter, suggesting that quantum confinement (whose strength increases significantly 
across this threshold, as illustrated in Figure 5-7c) is not primarily responsible for the 
observed coupling behavior with decreasing size.  
  
 
Figure 5-9. The maximum 2LO/1LO ratio as a function of diameter at any wavelength 
(to allow for constant resonance conditions). Each point represents an individual 
measurement. 
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Thus, the Fröhlich coupling strength is strong at nanowire diameters of 100 nm, 
and then decreases, potentially to coupling strengths similar to that of the bulk [172], in 
the diameter range of ~15-55 nm. These observations are similar to some of the trends 
predicted by Krauss and Wise [134] and Nomura and Kobayashi [150]. Krauss and Wise 
found that the Fröhlich coupling strength increased with decreasing size because of 
coupling between the conduction and valence bands down to a critical diameter, beyond 
which the coupling decreased due to charge neutrality requirements at significantly small 
sizes [134]. Nomura and Kobayashi calculated that the Fröhlich coupling strength in 
GaAs decreased gradually with decreasing size down to ~17 nm over a range of ~0-100 
nm [150].  
One explanation for this behavior may be a diameter-dependent depletion region, 
where photogenerated carrier lifetimes are maximal at a critical nanowire diameter due to 
appreciable band bending from Fermi level pinning at charged surface states, whereas 
smaller diameters give minimal band bending and a full depletion of charge carriers [4]. 
Surface Fermi energy pinning has been found to be a reasonable assumption for GaAs 
nanowires [174]. However, the depletion width for an intrinsic GaAs nanowire (  = 0.6 
eV [4],  = 12.9 [25], and N = ~1011 cm-3 [175]) is calculated to be on the order of tens of 
microns [174], suggesting that the nanowires investigated in this chapter may be fully 
depleted. 
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5.6 Summary 
The Fröhlich coupling strengths of individual GaAs and AlGaAs nanowires are 
reported by resonant micro-Raman spectroscopy near their direct bandgaps. Large 
2LO/1LO intensities were observed, with ratio values up to 5.7 in an individual GaAs 
nanowire and up to 6.3 and 3.2 for GaAs and AlAs LO modes, respectively, in an 
individual AlGaAs nanowire. These values represent the largest reported Fröhlich 
coupling in any materials system of any dimensionality; are the first reports of Fröhlich 
coupling in any GaAs or AlGaAs system at the direct bandgap, as all previous attempts 
have been hampered by excessive PL; and are the first resonance profile in any single-
nanowire system. A two-phonon excitonic scattering model is found to agree well with 
the 2LO resonance profile of the GaAs nanowire, giving a discrete exciton damping 
constant that is less than that of the bulk, suggesting a lasting polarization in the nanowire 
after the Raman scattering. The Fröhlich coupling strength was further investigated as a 
function of nanowire diameter and excitation energy in three individual tapered GaAs 
nanowires, revealing nearly constant 2LO/1LO ratios at decreasing diameters that were 
significantly less than that measured at 100 nm. Thus, the one-dimensional architecture 
allows for the control over exciton lifetimes by tuning nanowire diameter. 
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Chapter 6. Effects of the Evolution of Growth Kinetics 
and Mechanisms on Nanoscale Optical Properties of 
ZnO Nanowires 
 
 
 Nanostructure morphology may profoundly affect properties on the nanoscale—
and Chapter 6 furthers this hypothesis through the direct, nanoscale association of 
morphology with optical properties in ZnO nanowires grown with different growth 
kinetics and growth mechanisms. The conditions of ZnO nanowire growth by vapor 
transport and condensation were varied to cause the evolution of both growth kinetics, 
from reaction- to diffusion-limited, and growth mechanisms, from particle- to non-
assisted. Although bulk characterization suggests excellent crystalline quality and 
similarly defect-free optical properties, direct correlation of morphology with optical 
properties revealed nanoscale cathodoluminescence quenching at the tips of reaction-
limited grown nanowires and near the particle that had assisted nanowire growth. 
 
 
6.1 ZnO nanowire morphology 
ZnO is a promising material for optoelectronic devices based upon individual 
nanostructures, yet its complex growth processes and optical emissions remain poorly 
understood, as discussed in Chapter 1. Here, ZnO nanowire growth conditions are varied 
to understand their effect on the growth processes (namely, mechanism and kinetics, as 
described in Chapter 2) and optical properties. Much of this work has been published by 
the author [176]. 
To investigate the effect of growth conditions on the growth processes and optical 
properties of ZnO nanowires, the nanowires were grown under three different precursor 
concentrations, labeled A-C. Growth A was performed under increased Zn 
supersaturation relative to growths B and C by using new quartzware. In contrast, 
growths B and C were performed with aged quartzware that had a primarily ZnO deposit 
near the substrates, as confirmed by x-ray diffraction (XRD, results not shown). Growth 
C was carried out at a lower oxygen flow rate than growths A and B: 0.9 standard cubic 
centimeters per minute (sccm) versus 1.2 sccm, respectively. The growth condition for B 
will be referred to as “standard.” These changes in growth conditions had profound 
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consequences on the growth kinetics and mechanisms, as well as the optical properties of 
the ZnO nanowires, which will be further discussed later in this chapter. 
Nanowire morphology, as investigated by electron microscopy, is shown in 
Figure 6-1. Vertical growth of ZnO nanowires from a-sapphire substrates was observed 
by scanning electron microscopy (SEM) (Figures 6-1a-f), indicating that the nanowires 
grew along the c-axis of the wurtzite crystal structure [177]. Electron backscatter 
diffraction patterns confirmed the wurtzite structure and showed that the single-
crystalline film at the substrate also ZnO grew along the c-axis (results not shown), 
consistent with previous reports [37, 178]. The nanowire density is relatively constant 
across the growths: 47.2 nanowires/µm2 for A, 45.2 nanowires/µm2 for B, and 47.6 
nanowires/µm2 for C. However, nanowire diameters vary significantly: 54 ± 13 nm for A, 
26 ± 6 nm for B, and 28 ± 6 nm for C. Dark field scanning transmission electron 
microscopy (DF-STEM) images (Figures 6-1g-i) show uniform nanowire diameters and 
no evidence of contrast along the nanowire length that would indicate chemical or mass-
thickness fluctuations (Section 4.1.3). Nanoparticles can be seen on the nanowire 
sidewalls near the nanowire tips in growth C (Figure 6-1i). The diameters of the 
nanoparticles are 16.3 ± 4.0 nm, as measured from DF-STEM images. The chemical 
identity and role of these nanoparticles in the growth of ZnO nanowires will be discussed 
in Section 6.3. 
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Figure 6-1. Morphological investigation of ZnO nanowires by electron microscopy. (a-c) 
SEM plan-view, (d-f) SEM at a 45° tilt, and (g-i) DF-STEM. (a) Inset, hexagonal unit 
cell with c [0001], a 1/3<11-20>, and m <01-10> directions indicated. Nanowires were 
prepared under different growth conditions A (a, d, and g), B (b, e, and h), and C (c, f, 
and i). (i) Nanoparticles on the nanowire sidewalls are indicated by solid yellow arrows. 
Scale bars are (a-e) 500 nm and (g-i) 100 nm. 
 
 XRD was performed to investigate the nanowire crystallinity, as shown in Figure 
6-2. For all nanowires, the (0002) ZnO peak is prominent, verifying that the nanowires 
are ZnO and grown along the c-axis, perpendicular to the a-sapphire substrate. The weak 
ZnO (10-10) peak indicates that a small portion of nanowires grew along other growth 
directions, which were observed by SEM along the boundaries between areas of 
nanowire growth and bare substrate, such as that produced by a scratch in the Au film 
prior to nanowire growth. Growth A had a particularly high degree of crystallinity, as 
evidenced by numerous satellite peaks in its XRD spectrum. A rocking curve was 
performed to further investigate the quality of crystallographic orientation between the 
growth A nanowires and the substrate, as shown in the inset of Figure 6-2. The full width 
at half-maximum of the rocking curve peak is 0.226°, similar to that of high-quality thin 
films and indicating good orientation of the ZnO c-axis and the a-sapphire substrate 
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surface [178]. A small Au (111) peak is detectable as a shoulder of the Al2O3 (11-20) 
peak of growth A, indicating the texturing of Au such that the (111) facet is aligned with 
ZnO (0002) and Al2O3 (11-20) planes. The Au peak is located at the theoretical 
€ 
2θ  value, 
whereas the ZnO peaks are shifted to higher 
€ 
2θ  values relative to theoretical. The 
Scherrer formula describes XRD peak shifts 
€ 
Δ 2θ( )  as a function of the volume average 
v: 
,           (6.1) 
where 
€ 
λx  is the x-ray wavelength and 
€ 
θx  the peak position [179]. Hence, these peak 
shifts indicate that the Au volume average lies closer to the substrate than that of the 
ZnO, meaning that the Au is likely at or near the substrate surface. (The Au signal was 
too weak for analysis in growths B and C.)  
Some artifacts in the XRD spectra are worth noting. The observation of shifted 
peak positions between samples [particularly obvious for the ZnO (0004) peak] is due to 
variations in substrate tilt relative to the x-ray beam. The broad peak in growth C around 
59° is from the clay used to mount the substrates. Spectral contamination from the x-ray 
source by Cu 
€ 
Kβ  and W 
€ 
Lα  x-rays cause additional peaks (e.g., at 33° and 69°) through 
strong x-ray scattering by the highly crystalline samples. The number and position of 
these additional peaks are inconsistent between samples again due to substrate tilting. 
The abrupt changes in XRD intensity in the spectrum of growth A are due to the Ni 
€ 
β-
filter, which was inserted to reduce spectral contamination. The broad shoulder 
immediately beyond the Au (111) peak is the tail of the substrate peak, whose intensity 
can also vary with substrate tilt. 
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Figure 6-2. XRD of ZnO nanowires as-grown on a-sapphire substrates under different 
growth conditions. Inset is a rocking curve of the ZnO (0002) peak of growth A. 
 
6.2 Evolution of growth kinetics 
 As demonstrated in Section 2.3, unique diameter-dependent growth rates arise 
from various growth-limiting steps. ZnO nanowire growth rates, as a function of 
diameter, were extracted from SEM images to further understand the effects of the 
growth parameters on nanowire growth kinetics (Figure 6-3). The data were fit with a 
simplified model that combines the diffusion- and reaction-limited growth kinetics 
[equations (2.13) and (2.17), respectively]: 
,              (6.2) 
where V is the growth rate (nm/min), d the nanowire diameter (nm), and F, G, and H are 
fitting parameters. The first set of parentheses represents the contribution from the Gibbs-
Thomson effect, and dominates under kinetic reaction-limited growth, where nanowires 
with larger diameters grow faster than ones with smaller diameters due to a larger surface 
area available for growth reactions. Here, F depends on the supersaturation and G on the 
surface energy, both between the vapor and solid. Both F and G contain a dependence 
upon the temperature-activated kinetic barrier for adatom desorption, and the arbitrary 
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exponential term n has been assumed to be equal to one. The second set of parentheses 
contains the diffusion-limited terms: the first term for direct impingement of source 
material at the nanowire tip and the second for diffusion of precursors from the nanowire 
sidewalls to the growth front. This second part of the equation dominates under diffusion-
limited growth, where thinner nanowires grow faster because of a larger precursor 
collection area relative to the nanowire volume [68]. 
 
Figure 6-3. Growth kinetics of ZnO nanowires under various growth conditions. Hollow 
symbols are raw data points and solid lines are the fit, according to equation (6.2). 
 
 The evolution of growth kinetics from reaction-limited (A) to diffusion-limited (B 
and C) is likely due to the conditioning of the quartzware. Each growth in the hot-walled 
furnace deposits a thin film on the quartz near the substrates, aging the quartz. The 
deposit was confirmed to be mostly ZnO by post-growth XRD (results not shown). 
Growth A was performed before B and C, and thus with relatively cleaner quartz near the 
substrates. Previous reports have shown that high Zn supersaturation favors the kinetic 
reaction-limited growth behavior [67, 90], so it is likely that the clean quartz that was 
used during growth A provided a large Zn supersaturation at the substrates. As the 
deposit grew with subsequent growths, it provided a source of additional precursors to 
support an equilibrium near the substrates during growth, reducing the Zn 
	   111 
supersaturation. As Zn and O precursors became available in equal amounts, adatom 
surface diffusion-limited growth dominated.  
 
6.3 Evolution of growth mechanism 
Although the growth kinetics of growth C appear similar to growth B (Figure 6-
3), the nanoparticles observed on the nanowire sidewalls in Figure 6-1i indicate a more 
complicated nanowire growth mechanism than that for growths A and B. Here, an in-
depth analysis of the growth mechanisms of all growths is conducted. 
 
6.3.1	  Growth	  mechanism	  under	  standard	  growth	  conditions	  
The absence of Au nanoparticles at the nanowire tips of growth A and B suggests 
a non-assisted growth mechanism. The locations of the Au and ZnO XRD peaks relative 
to their theoretical positions (Figure 6-2) indicate that the Au likely sits near the 
substrate. This finding, in addition to the prominent film growth observed in Figures 6-
1a-f, suggest that the growth mechanism is a combination of particle- and non-assisted 
for the film and nanowire, respectively, similar to that observed by Fan, et al. [37] and 
discussed in Section 2.2.3. Some of the non-assisted nanowire growth mechanisms 
summarized in Section 2.2.2 can be immediately eliminated due the absence of their 
unique morphological signatures: Eshelby twist, due to lack of a protruding nanowire tip 
and dislocation contrast down the nanowire growth axis [58]; and oxide-assisted, from 
the lack of a significant oxide coating by transmission electron microscopy (TEM, results 
not shown). Growth by self-catalysis cannot, in principle, be proven, so the most likely 
non-assisted growth mechanism for growths A and B is by anisotropic surface energies of 
various crystal facets. 
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6.3.2	  Nanoparticle	  identification	  
Energy dispersive x-ray spectroscopy (EDS) linescans were performed to identify 
the chemical composition of the nanoparticle at 5 min and 20 min into the growth 
(Figures 6-4a and 6-4b, respectively). EDS linescans confirm that the nanowires are ZnO 
and the nanoparticles are Au. At both growth times, the absence of an intensity tail in the 
Zn signal near the Au nanoparticle center suggests that there is no Zn alloyed in the 
nanoparticle at room temperature within the detection limit of the EDS technique [22]. 
Similarly, the symmetric Au peak shape implies an absence of detectable Au diffusion 
into the ZnO nanowire [22]. 
 
 
Figure 6-4. EDS linescans of the nanowire/nanoparticle interface. (a) At 5 min, along the 
nanowire length, and (b) at 20 min, across the diameter of a nanoparticle and nanowire; 
both in the direction of the dashed yellow arrows (scale bar for inset in (a) is 20 nm and 
in (b) is 100 nm). 
 
6.3.3	  Evolving	  role	  of	  the	  nanoparticle	  
The growth time of growth C was varied to track the evolution of the nanoparticle 
location and thus its role in ZnO nanowire growth. Representative DF-STEM images of 
nanowires grown for 5, 10, and 20 min are shown in Figures 6-5. After the first 5 min of 
growth, the Au appears as a flat particle that covers the entire nanowire top facet (Figure 
6-5a). Interestingly, shortly after 10 min of growth, the Au nanoparticle changes in both 
shape and position: it is now found on a nanowire sidewall with a rounded shape, likely 
to reduce its surface energy (Figure 6-5b).  
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As with growths A and B, screw dislocation-driven growth was dismissed in 
growth C due to a lack of contrast along the nanowire growth axis during TEM 
investigation that would indicate the presence of this dislocation, as well as the absence 
of a characteristically protruding tip [58]; and oxide-assisted growth was eliminated due 
to the lack of significant oxide coating, as will be seen below. However, the nanowire tip 
develops higher-order facets over the course of growth C, consistent with a non-assisted 
growth model by anisotropic surface energies [52]. After this growth stage, the nanowire 
continues to grow without the nanoparticle at the nanowire tip; and at 20 min, the 
nanowire tip has advanced beyond the position of the nanoparticle (Figure 6-5c). Thus, 
the growth is found to evolve from Au-assisted to non-assisted by anisotropic growth 
rates, with the transition occurring between 9 and 10 min into the 20 min-long growth. 
 
 
Figure 6-5. DF-STEM evolution of growth mechanism from nanoparticle-assisted to 
non-assisted in growth C. (a) 5 min, (c) 10 min, and (d) 20 min. Scale bars are 20 nm. 
 
The lattice-resolved morphology of the Au/ZnO interface was next investigated 
by high resolution (HR) TEM to further understand the evolution of the nanowire tip and 
Au nanoparticle facets, as well as that of their interface throughout the growth. Fast-
Fourier transforms (FFTs) reveal that the ZnO nanowire tip is comprised mainly of the 
(0002) plane at 5 min (Figure 6-6a), at that the Au at this facet has an epitaxial 
relationship such that Au (11-1) || ZnO (0002), similar to previous reports [50, 180]. By 
10 min (Figure 6-6b), the tip has rounded to include higher-order {0-1-12} planes. Note 
that this tip rounding also occurs in growth B but not in growth A and may therefore be 
the consequence of non-assisted diffusion-limited growth. Au is misaligned from ZnO 
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(0002) by <6° at 10 and 20 min (Figure 6-6c). The ZnO nanowire sidewalls remain {10-
10} throughout the growth and that the nanowires are single-crystalline and free of one- 
and two-dimensional defects.  
 
 
Figure 6-6. HR-TEM images and corresponding FFTs (insets) of ZnO nanowires and Au 
nanoparticles for (a) 5 min, (b) 10 min, and (c) 20 min into growth C (different nanowires 
than in Figure 6-5). Scale bars are 6 nm. Yellow dashed boxes in the HR-TEM images 
indicate regions used for the FFT analyses and solid yellow lines indicate {0-112} planes. 
ZnO FFT patterns are indexed in red ([2-1-10] zone axis) and Au in green ([011] zone 
axis). Measured misalignment between Au (11-1) and ZnO (0002) is (a) 1.2°, (b) 1.5°, 
and (c) 5.7°. Note that (0001) diffraction spot, which is a forbidden reflection, is allowed 
here by dynamical diffraction and/or the relaxation of symmetry rules at the nanoscale. 
 
6.3.4	  Origin	  of	  the	  growth	  mechanism	  evolution	  
It is important to note that this Au nanoparticle evolution is observed only under 
certain growth conditions, i.e., when the growth is preceded by growths with increased 
oxygen flow (at 1.5 sccm, versus the 0.9 sccm flow for these growths). It is known that 
high oxygen partial pressure promotes Au-assisted growth over the competing non-
assisted growth [64, 181]; thus, the likely source of excess oxygen in the initial stage of 
the growth that allowed for Au-assisted growth behavior is the oxygen-rich ZnO deposit 
on the reactor sidewalls. The oxygen content in the preconditioned deposit is gradually 
reduced over the course of the 20 min growth due to the equilibration of the deposit, 
causing the transition from Au-assisted to non-assisted growth. This is further confirmed 
by the fact that only non-assisted growth is observed under identical growth conditions if 
no deposit pre-conditioning is performed, and that only Au-assisted growth is observed 
during equilibrated growths at 1.5 sccm oxygen flow. 
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The stability of the ZnO nanowire surface facets and the Au mobility are altered 
by the decreasing oxygen partial pressure (PO2) in the growth chamber, causing the 
transition from Au-assisted to non-assisted nanowire growth mechanisms, as diagramed 
in Figure 6-7. Surface facet stabilities are dependent upon the source ratio due to 
competing source flux rates and diffusion lengths [55]. Reduced PO2 may stabilize the 
inclined ZnO facets to favor a rounded nanowire tip by increasing the Zn adatom 
diffusion length beyond the width of the (0002) facet. This allows the relative flux of Zn 
adatoms from the (0002) surface to be greater than that from relatively more stable 
higher-order surfaces, such as {01-12}, which have fewer dangling bonds [55]. The Au 
nanoparticle rounds to maintain its contact with the decreasing (0002) surface, increasing 
the Au nanoparticle wetting angle and thus also the Au/ZnO interface energy [182]. This 
increased interface energy may be relieved by breaking the Au (11-1) || ZnO (0002) 
alignment. The subsequent migration of the Au nanoparticle from its original position on 
the ZnO (0002) facet is enhanced by the reduced PO2 [49]. The nanowire continues to 
grow past 10 min, but now by the anisotropic surface energy non-assisted mechanism 
[54]. The nanoparticle then remains on the nanowire {10-10} sidewall after 10 min 
(Figures 6-5c and 6-6c), indicating the location of the transition from Au-assisted to non-
assisted growth mechanisms. That the nanoparticle appears embedded in the nanowire 
sidewall in Figures 6-5c and 6-6c corroborates the theory of the transition to non-assisted 
growth, as the (0002) growth front proceeds around the nanoparticle. 
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Figure 6-7. Schematic representation of how and why the role of the Au evolves over the 
course of a single nanowire growth with growth time tgrow. Initially high PO2 promotes 
Au-assisted growth, whereas the equilibration of the PO2 to the lower flow induces a 
transition to non-assisted growth. 
6.3.5	  Effect	  on	  nanowire	  growth	  kinetics	  
To analyze the growth kinetics during the Au-assisted and non-assisted growth 
mechanisms of growth C, the nanowire growth rate was measured as a function of 
nanowire diameter during these two regimes. Au-assisted nanowire lengths and diameters 
were measured from SEM images of the 5 min growth; while non-assisted dimensions 
were measured from TEM images of the 20 min growth, with the nanowire length 
measured from the nanoparticle location to a rounded nanowire tip and the growth time 
approximated to be 10.5 min. The Au-assisted growth rate is expected to be under-
estimated relative to that of non-assisted due to the significant portion of the 5 min 
dedicated to nanowire nucleation. The statistical variation within these data is inherently 
smaller for the non-assisted data than for the Au-assisted data due to the relative spatial 
resolution limits of the TEM and SEM, respectively. As presented in Figure 6-8, small 
diameter nanowires grow faster than large diameter nanowires for both Au-assisted (5 
and 9 min) and non-assisted (20 min) growth mechanisms, indicating diffusion-limited 
nanowire growth under both mechanisms [68], and consistent with the overall growth 
kinetics depicted in Figure 6-3. 
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The nucleation step prior to nanowire growth is responsible for the variation in 
measured growth rates for Au-assisted growth; namely, between 5 and 9 min data sets. 
Thus, these data represent under-estimates of the true Au-assisted growth rate. The 
nucleation time tn calculated from the fits for 5 and 9 min at a given diameter, assuming 
constant growth rates after the nucleation stage, by 
,              (6.3) 
where t5 = 5 min, t9 = 9 min, and l5 and l9 are the nanowire lengths at the given diameter. 
The nucleation time tn is found to be 4.2 min over the diameter range of 15-50 nm. This 
nucleation time was subtracted from the growth time to calculate the theoretical Au-
assisted growth rate from both 5 and 9 min fits; although, the growth rates were nearly 
identical between the two sets, so only that for 5 min is shown. The growth rate of the 
Au-assisted mechanism is ~14 times larger than that of the non-assisted mechanism, 
indicating that the presence of the Au at the nanowire tip enhances the nanowire growth 
rate, consistent with previous reports [49, 63]. This effect may be due to an increase in 
the nanoparticle surface energy density from the decreasing PO2, consistent with the 
Au/ZnO interface theory. There is also a slight increase in nanowire diameters over the 
course of the growth that can be seen by the relative ranges of nanowire diameters in the 
two data sets: from 28.4 ± 3.7 nm (5 min, Au-assisted) to 32.6 ± 3.6 nm (20 min, non-
assisted). This thickening again validates non-assisted growth by anisotropic growth rates 
rhlkm for facet hklm, in that the nanowire diameter also increases with growth time (r10-10), 
albeit slower than the nanowire length (r0001). 
 
	  118 
 
Figure 6-8. Growth rate of ZnO nanowires at 5 min (red), 9 min (green), and 20 min 
(blue) into growth C. Data were grouped for clarity, and the error bars represent standard 
deviations. The full data sets were fit with a diffusion-limited growth model [68] (solid 
curves). The theoretical Au-assisted growth rate is shown by the dashed black line. 
 
6.3.6	  Nanoparticle	  purity	  and	  phase	  
The progression of growth C depicted in Figures 6-5 through 6-8 suggest that the 
Au nanoparticle does not act as a traditional vapor-liquid-solid catalyst (Section 2.2.1), in 
that the Au may not be liquid during the growth. Kirkham, et al. show that Au 
nanoparticles remain solid under nearly identical ZnO nanowire growth conditions [50]. 
Further, the Au-Zn phase diagram indicates that up to 7 atomic percent Zn can be 
incorporated into a solid Au-Zn alloy at 930 °C [183]. The nanoparticle diameters here 
range from 8 to 25 nm, which could cause a depression of the bulk Au melting point 
(from 1064 °C [183]) of approximately 140 to 50 °C, respectively [184], leaving open the 
possibility of a solid nanoparticle. (Note that the bulk melting point does not vary 
dramatically between atmospheric pressure and our lower system pressure [185].) EDS 
linescans (Figure 6-4) show no evidence of a Au-Zn alloy at 5 min or at 20 min. While 
these measurements are ex-situ, they still suggest a low-solubility (i.e., solid) Au 
nanoparticle during growth [89] such that Zn cannot be detected by EDS in the Au 
nanoparticle nor at the Au/ZnO interface (as a Zn-rich front, due to rapid precipitation 
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upon post-growth cooling). Further, the epitaxial relationship between a solid 
nanoparticle and the growing nanowire is critical for the vapor-solid-solid growth 
mechanism (in which the nanoparticle remains solid throughout the nanowire growth, as 
discussed in Section 2.2.2) [186], so the breaking of this interface after 10 min of growth 
both evidences a solid Au nanoparticle and underscores the unconventional role of Au. 
Regardless of whether the nanoparticle is labeled as “solid” or “liquid” during the 
nanowire growth, the clear division between these two phases in the bulk becomes 
ambiguous at the nanoscale, leaving room for such phenomenon as solid melting [21] and 
allowing nanoparticles to be mobile entities. 
These pieces of evidence suggest that the Au nanoparticle may act purely as an 
efficient capture site [39]  for Zn from the vapor phase to form Zn adatoms on the Au 
surface. Instead of incorporating into the Au nanoparticle to form an Au-Zn alloy, Zn 
adatoms diffuse on the Au surface to the ZnO surface. A disproportionate number of 
these adatoms are incorporated into the nanowire crystal at the (0002) facet, as dictated 
by the anisotropic growth rates of the various crystal facets. Nanowire growth thus 
proceeds by adatom surface diffusion rather than bulk diffusion [50]. 
 
6.4 Bulk Optical Properties 
To understand the effects of growth kinetics and growth mechanisms on bulk 
optical properties, ZnO nanowires grown under all growth conditions were investigated 
by photoluminescence (PL) and cathodoluminescence (CL) (Figure 6-9). Room-
temperature PL spectra of nanowires as-grown on substrates show that the near band 
edge (NBE) peak is effectively constant for all growth conditions at 3.25 eV with full-
widths at half-maximum of 119-159 meV. The strong, narrow NBE peak, as well as the 
absence of defect emission in the visible range, confirms high crystalline quality [32, 
187]. NBE peak location at room temperature has been found to vary between 3.12 and 
3.32 eV for various nanostructures, hypothetically due to the differing surface area-to-
volume ratios, which informs the surface state population [32]. The NBE emission 
observed in these ZnO nanowires is well within this range, and similar to that of faceted 
ZnO nanorods (3.27 eV [32]). 
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The various contributions to the exciton peak were identified by their temperature 
dependence (Figure 6-9 inset). CL was collected from an aggregate of growth A 
nanowires at high spectral resolution. The highest-energy peak (~3.35 eV) shifts to lower 
energies with increasing temperature, indicating that its origin is from the free exciton 
transition. The positions of the other two peaks (3.23 and 3.31 eV) do not shift with 
temperature. Their locations at energies lower than the free exciton peak and their lack of 
temperature dependence suggest that they are the longitudinal optical phonon replicas of 
the bound exciton peak. (The bound exciton peak was not observed, likely due to the 
spatial resolution of the gratings for the charge coupled device.) 
 
 
Figure 6-9. Bulk optical properties of ZnO nanowires. PL spectra of nanowires as-grown 
on substrates are normalized and off-set for clarity. Temperature-dependent CL of the 
excitonic emission from an assembly of nanowires from growth A are shown in the inset.  
 
In summary, bulk optical characterization suggests high crystalline quality of the 
ZnO nanowires under all growth conditions. As will be shown in Section 6.5, however, 
the optical emission is inhomogeneous along the nanowire lengths, underscoring the 
necessity of directly correlating structure with optical properties on the nanoscale [42, 
91]. 
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6.5 Nanoscale optical properties 
 
6.5.1	  Effect	  of	  growth	  kinetics	  
 The effect of the nanowire growth kinetics on nanoscale optical properties was 
investigated by comparing the CL of individual nanowires from growths A and B (Figure 
6-10). The CL of the nanowire from growth A is quenched by up to 70% at the nanowire 
tip, as compared to the average CL intensity of the nanowire body; whereas the CL of the 
nanowire from growth B is nearly homogeneous along the length of the nanowire. These 
results are representative of all nanowires investigated. 
The majority of sources of inhomogeneous CL can be eliminated (Section 4.2.3) 
through TEM analysis: DF-STEM images are free of contrast variation that would 
indicate significant mass-thickness or compositional fluctuations (Figure 6-10a), HR-
TEM and selected area diffraction (SAD) confirms the absence of one- and two-
dimensional defects (Figure 6-10c), bright field (BF) TEM shows no contrast that would 
indicate significant strain (Figure 6-10c right inset), no periodic CL fluctuations are 
observed that would confirm a standing electromagnetic wave (Figure 6-10a), and no 
metallic nanoparticles are present to enable excited electron transfer (Figures 6-10a). 
The difference in growth kinetics most likely created zero-dimensional defects 
that are responsible for the observed CL quenching. Upon completion of the nanowire 
growth segment of the growth recipe, the oxygen flow is stopped and the temperature 
cooled at ~ 20 °C/min—yet, the nanowire growth likely continues during the initial 
cooling stages, albeit at a slower rate than during the growth step. The Zn supersaturation 
in growth A, which was already large enough to produce reaction-limited growth 
kinetics, is further enhanced by the lack of oxygen flow during the cooling step. Thus, 
any nanowire growth during the cooling step occurs under greater Zn supersaturation 
than even the growth of the nanowire body, and is likely to incorporate additional Zn 
interstitials (Zni) and/or oxygen vacancies (VO). While many report Zni and VO to be 
responsible for the green defect luminescence commonly observed in ZnO, the exact 
luminescence signatures of these species remain under debate [32]; further, it has been 
shown that ultraviolet emission intensity is increased in the presence of excess oxygen 
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during the growth of ZnO thin film [188]. Thus, it is then possible that these species are 
present even without the observation of visible luminescence by PL (Figure 6-9). 
The compositional Zn/O ratio at the tips of nanowires from growth A was 
investigated by EDS and Electron Energy Loss Spectroscopy (EELS) (Figures 6-10d-f). 
While the Zn/O ratio remains constant at the tip of the nanowire, this does not confirm 
the absence of Zni and/or VO, as EDS and EELS may not be sensitive enough to measure 
the chemical fluctuations necessary for such CL quenching, especially when considering 
that only minute deviations from stoichiometry are expected from the ZnO line 
compound in the temperature range of 200-900 °C [189]. The atomic compositional 
sensitivities of the EDS and EELS techniques are ~1% [22] and ~0.1% [190], 
respectively. In addition, EDS is insensitive to low-Z materials, such as O [154], which is 
why the Zn/O ratios differ between EDS and EELS. 
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Figure 6-10. Nanoscale CL inhomogeneities due to growth kinetics. (a) Nanowires from 
growths (a) A and (b) B, with DF-STEM image on left and panchromatic CL image on 
right. Scale bars are 200 nm. Quenched CL indicated with yellow arrows. (c) HR-TEM 
image from the tip of a nanowire (BF-TEM image in upper-left inset, with yellow circle 
denoting area of investigation). Scale bars are 2 nm for HR-TEM image and 100 nm for 
inset. SAD in upper-center inset confirms single crystalline wurtzite structure grown 
along the c-axis. (d) EDS and (e) EELS data, confirming the presence of ZnO. Additional 
EDS peaks are due to the detector background (Si) and the TEM grid (C, Cu). (f) Profiles 
of DF-STEM (a) and CL (b) intensities in the regions designated by yellow dashed boxes 
in the directions of the yellow dashed arrows; and EDS and EELS linescans along the 
nanowire tip in the direction of the dashed yellow arrow in the inset. Inset scale bar is 100 
nm. 
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6.5.2	  Effect	  of	  the	  Au	  nanoparticle	  
As described earlier, the Au nanoparticles play a complex role in the growth of 
ZnO nanowires in growth C. As previous studies have noted significant consequences of 
Au on the physical properties of semiconductors [20, 22-24, 191], the effects of the Au 
nanoparticle on the optical properties of ZnO nanowires were next investigated. PL of the 
as-grown substrates alone indicate no consequences of the Au nanoparticle on bulk 
optical properties (Figure 6-9), including the absence of Au doping, which has been 
reported to also be responsible for green luminescence [191]. However, nanoscale CL 
quenching is observed in individual nanowires of up to 30% compared to that of the 
nanowire body near the Au nanoparticle (DF-STEM image in Figure 6-11a, with 
corresponding panchromatic CL image in Figure 6-11b). These results are representative 
of all nanowires investigated, and additional quenching profiles are included in the 
Appendix. 
The origin of the CL quenching was then explored by intentionally decorating 
ZnO nanowires with Au nanoparticles of a similar diameter (15 nm) to that found on the 
nanowire sidewall and measuring their effects on the NBE intensity. Each nanowire was 
decorated with ~0-2 aggregates of 1-8 nanoparticles (Figure 6-11c inset) such that 
nanoparticle coverage was less than 9% of the total nanowire surface area, producing 
insignificant photon scattering due to reflection off of the Au nanoparticles. PL 
measurements were performed under the same experimental conditions and in the same 
location before and after Au nanoparticle decoration from 11 neighboring sites within 5 
µm of each other, to confirm the PL intensity trend and determine the standard deviation 
of the measurements. A 32.10 ± 0.06% decrease in NBE emission intensity was observed 
after nanoparticle decoration, where the intensity is calculated by integrating the area 
under the peak and the standard deviation is calculated from that of the before and after 
measurements. (The peak of the PL intensity blueshifts by 29 meV, likely due to binding 
of aqueous ions in the weakly acidic colloid solution to nanowire surface states [192].) 
Many causes of CL inhomogeneities (as summarized in Section 4.2.3) can be 
immediately eliminated through TEM investigations: DF-STEM images (Figures 6-1i, 6-
4 insets, 6-5, and 6-11a) are free of contrast variation that would indicate variations in 
composition, HR-TEM images (Figure 6-6) confirm the absence of one- and two-
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dimensional defects, and no periodic CL fluctuations are observed (Figure 6-11b) that 
would designate a standing electromagnetic wave due to resonant cavities. Thus, CL 
quenching is most likely due to excited electron transfer from the ZnO conduction band 
to the Au nanoparticle [23], as schematically depicted in Figure 6-11d. Electron-hole 
pairs are generated by the incident electron beam. Excited electrons diffuse from the ZnO 
conduction band (EC) to the Au nanoparticle Fermi level (EF). As ZnO NBE emission is 
not resonant with the Au nanoparticle surface plasmon (typically ~2.4 eV), there remains 
a lack of electrons at the EC to recombine with holes at the valence band (EV), quenching 
the NBE emission. A built-in voltage VBI results at the ZnO/Au interface due to band 
bending, whose barrier height is calculated by 
,             (6.4) 
where  and  are the work functions of the Au and ZnO, respectively. Note that 
the quenching trend due to electron transfer is in contrast to a report by Liu et al. [24]; 
however, in addition to all nanowires investigated by CL, all 11 sites probed using PL 
also consistently indicate quenching behavior. Furthermore, calculations based on the 
geometry of the CL intensity profile confirm that a ~30-60% decrease in total emission 
intensity is expected for 1-2 nanoparticle aggregates along the nanowire length, 
consistent with the PL measurements.  
As the above PL and CL studies indicate that the nanoscale optical quenching is 
due to the presence of the Au nanoparticles, the CL quenching profile was further 
examined to quantify the nature of this phenomenon. The integrated intensities of the CL 
and DF-STEM of a nanowire (dashed yellow boxes in Figures 6-11a-b, in the direction of 
the dashed yellow arrows) are depicted in Figure 6-11e. The range of CL quenching was 
approximated from the intensity dip at the Au nanoparticle location to intensity peaks in 
either direction along the nanowire length, totaling 142 nm. Thus, the excited electron 
diffusion length was approximated to be ~100 nm at room temperature, which is on the 
order of other estimates [193]. To establish statistical significance of the CL quenching 
near Au nanoparticles, additional measurements of this phenomenon are provided in the 
Appendix. The direct correlation of reduced CL intensity with the Au nanoparticle 
location provides evidence of nanoscale optical emission quenching by excited electron 
transfer.  
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Next, the role of the growth mechanism on the extent of CL quenching is 
considered.  is dependent on the crystal facet through the varying surface state 
population. By comparing VBI during Au-assisted and non-assisted growth mechanisms 
due to anisotropic potentials at the ZnO surface (1.06 eV and 0.67 eV, as shown in 
Figures 6-11f and 6-11g, respectively [194, 195]), less luminescence quenching is 
expected at the ZnO/Au interface during Au-assisted growth, as the larger Schottky 
barrier will reduce the number of excited electrons diffusing from the ZnO conduction 
band to the Au Fermi level [196]. This conclusion illustrates the importance of tailoring 
the nanowire growth mechanism for desired optical properties, as Au-assisted growth 
may be more favorable for applications requiring reduced luminescence quenching and/or 
faster growth rates. In addition, this comparison of microscale and nanoscale optical 
properties highlights the importance of investigating optical properties of individual 
nanowires. 
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Figure 6-11. Nanoscale and bulk optical properties of ZnO nanowires. (a) DF-STEM and 
(b) corresponding panchromatic CL of individual nanowires shows CL quenching near 
nanoparticles, as indicated by solid yellow arrows. Scale bars for (a) and (b) are 100 nm. 
Dashed yellow boxes indicate integration dimensions of DF-STEM and CL linescans 
along the nanowire axis in the direction of the dashed yellow arrow for Figure 6-11e. (c) 
Room-temperature PL collected before and after decoration of nanowires with Au 
nanoparticles, showing a 32.10 ± 0.06% decrease in NBE emission intensity. Inset SEM 
image on left shows nanoparticle coverage, which was estimated to be <9% of the 
nanowire surface area. Scale bar is 250 nm. (d) Schematic diagram of NBE quenching by 
excited electron transfer to Au surface states. “Vac.” is the vacuum level. (e) Profiles of 
DF-STEM (Figure 6-11a) and CL intensities (Figure 6-11b). The position of the Au 
nanoparticle is denoted with a yellow arrow. The extent of CL quenching is approximated 
to be 142 nm at room temperature (indicated by the dashed yellow lines in Figure 6-11b). 
Schematics of the variation in built-in potential as a function of growth mechanism for (f) 
Au-assisted and (g) non-assisted mechanisms. 
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6.6 Summary 
ZnO nanowires were grown under varying conditions by vapor transport and 
condensation. Nanowire growth kinetics evolved from reaction-limited to diffusion-
limited, likely due to the conditioning of the quartz with a thin ZnO deposit, which 
reduced Zn supersaturation. In addition, nanowire growth mechanisms were observed to 
change during the growth of ZnO nanowires from Au-assisted to non-assisted growth due 
to decreasing PO2, which alters the ZnO facet stabilities and thus the Au/ZnO interface 
stability, as well as increases Au diffusion. Next, the effects of nanowire growth 
mechanism and growth kinetics on nanoscale optical properties were directly observed in 
individual ZnO nanowires. Although bulk PL indicated high optical emission quality in 
all cases, CL-STEM revealed nanoscale optical emission quenching: in reaction-limited 
growths, at the nanowire tips, presumably due to Zni and/or VO; and in the presence of the 
Au nanoparticle, due to excited electron transfer from the ZnO conduction band to the Au 
nanoparticle. It is clear that both Zn supersaturation and PO2 have significant effects on 
the growth kinetics and mechanism of ZnO nanowires, respectively. These growth 
parameters in turn influence nanoscale optical properties, emphasizing the significance of 
the rational synthesis of ZnO nanowires for the realization of their full potential in single-
nanowire electronic devices and in fundamental studies. Chapter 7 will build upon these 
nanowire growth and characterization principles through the analysis of a novel 
nanostructure, nanowalls. 
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Chapter 7. Growth and Nanoscale Optical Properties of 
ZnO Nanowalls 
 
 
 Promoting the growth of the interconnected film at the base of ZnO nanowires 
leads to the development of a novel two-dimensional nanostructure, nanowalls. These 
nanowalls hold promise for applications requiring large surface area, such as gas 
sensors and solar cells. Although nanowalls have been recently synthesized in a variety 
of materials systems, many questions remain about the growth and properties of this 
unique nanostructure. In this chapter, the ZnO nanowire growth model is further 
developed and adopted for nanowall growth. The growth mechanism, growth kinetics, 
and bulk morphological and optical properties are presented. Thickness variations and 
the presence of dislocations and Au nanoparticles are observed, all of which have 
consequences on the homogeneity of nanowall cathodoluminescence. This work directly 
highlights the necessity of studying individual nanostructures for a comprehensive 
investigation of nanowalls and their eventual employment in single-nanostructure 
devices. 
 
 
7.1 Nanowall growth 
 While some amount of ZnO film growth commonly accompanies ZnO nanowire 
growth, as discussed in Section 6.3, the exact role of the film in nanostructure growth is 
poorly understood. Here, the effects of growth parameters on film growth are 
qualitatively investigated, and these findings are developed into a growth mechanism for 
dominant film growth to produce ZnO nanowalls. 
 
7.1.1	  Promotion	  of	  film	  growth	  
The competition between film and nanowire growth was explored at a variety of 
growth parameters, as summarized in Table 7-1 and depicted by scanning electron 
microscopy (SEM) images in Figure 7-1. In general, it was observed that the film growth 
is promoted relative to nanowire growth (reference image 7-1a) through the enhancement 
of source flux and adatom diffusion length. Here, how the specifics of growth parameters 
and their corresponding underlying physical mechanisms affect the nanowall growth rate 
are outlined: 
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• Both the nanowire and film growth were enhanced with increased source temperature 
Tsource (Figure 7-1b) due to an increase in temperature-activated Zn equilibrium vapor 
pressure, such that more Zn precursor was available for growth through an increased flux 
F. Adatom diffusion length δadatom decreases with increasing F: 
,               (7.1) 
where N is the surface density of available incorporation sites and Dsurface is the diffusion 
coefficient of adatoms on the nanostructure surface. The coalescence of diffusing Zn 
adatoms effectively pins the nuclei in place, leading to nanowire and film growth. 
• No growth was observed at reduced substrate temperature Tsubstrate (results not 
shown). Decreasing Tsubstrate reduces the rate of crystalline solidification through the 
energy-activated kinetic barrier of adatom incorporation. 
• The tube pressure Ptube strongly affects both film and nanowire growth, but over 
different pressure ranges. Film growth is more strongly promoted than nanowire growth 
as Ptube is decreased from 210 to 160 Pa (Figure 7-1a versus Figure 7-1c), while nanowire 
growth is more strongly promoted at 250 torr (Figure 7-1d). This can be understood by 
considering the diffusion length of the precursor gas 
€ 
λprecursor , which is inversely 
proportional to Ptube: 
,              (7.2) 
 where kB is the Boltzmann constant, Tgas is the gas temperature, and 
€ 
σ the molecular 
radius. This result is also consistent with the observed Tsource trends above, as increased 
source flux increases growth rates. 
• Increased Ar/O2 flow ratio was observed to decrease both film growth and nanowire 
nucleation probability (Figure 7-1e). Film growth may have been decreased because of a 
decreased oxidation rate from the reduced O2 partial pressure. Nanowire nucleation has 
been hypothesized to be caused by arrested Zn adatom diffusion by oxidation pinning 
[123], which explains the reduction in nanowire nucleation density observed here. 
• Both nanowire and film growth were strongly suppressed by increased total flow 
(Figure 7-1f). This is explained by considering that, once the source flux is saturated by 
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increasing the total flow, further increases to the total flow decreases the Zn partial 
pressure in the tube. 
 These observations of film promotion by tuning specific growth parameters were 
then optimized for the growth of ZnO nanowalls by strongly promoting film growth over 
nanowire growth, as shown in Figure 7-1g. Compared to the standard nanowire growth 
parameters (Figure 7-1a), source mass msource, Tsource, Ar/O2 flow ratio, and total flow 
were increased while Ptube was decreased. Because Tsource was increased significantly, 
msource was similarly increased to ensure that the source supply was not entirely depleted 
by carbothermal reduction during the growth, as well as to increase the source surface 
area available for evaporation. Tsubstrate of 930 °C was previously found to be sufficient 
for high quality nanowire crystallinity, and was thus not increased. Ptube was decreased to 
the lowest pressure allowed for the given flow rates. The total flow was increased to 
accommodate a larger Ar/O2 flow ratio such that the mass flow controller reliably 
controlled a low relative O2 flow; however, the detrimental effect of increased flow rate 
described above is unlikely to be significant. This is because growth is promoted when 
the source flux approaches saturation relative to the total flow, and quadrupling msource 
also quadruples the total flow required for saturation. 
 
Table 7-1. Growth parameters of various ZnO nanowire growths, where variations from 
the standard nanowire growth condition are shown in bold italics. 
Figure msource 
(g) 
Tsource 
(°C) 
Tsubstrate 
(°C) 
Ptube 
(Pa) 
Ar/O2 
flow 
Total flow 
(sccm) 
7-1a 
(nanowire 
standard) 
1 950 930 210 29.2 36.2 
7-1b 1 980 930 210 29.2 36.2 
(no growth)  1 935 900 210 29.2 36.2 
7-1c 1 950 930 250 29.2 36.2 
7-1d 1 950 930 160 29.2 36.2 
7-1e 1 950 930 210 38.9 35.9 
7-1f 1 950 930 210 29.4 72.4 
7-1g 4 1000 930 80 20.0 210 
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Figure 7-1. SEM images at a 45° tilt of ZnO nanowires grown under (a) standard and (b-
f) varying growth conditions and (g) ZnO nanowalls. Growth conditions summarized in 
Table 7-1. Scale bars are 1 µm. 
 
7.1.2	  Nanowall	  growth	  evolution	  
To understand the evolution of the nanowall growth in Figure 7-1g, and thus learn 
more about the nanowall growth mechanism, ZnO nanowalls were grown for various 
times up to 40 min and investigated by SEM. Up until 10 min into the growth, nanowires 
with a prominent film at the nanowire base are observed; by 20 min, the nanowall growth 
dominates and appears to gradually incorporate nanowires; and by 40 min, only 
nanowalls remain, and the tops of the nanowalls have flattened to a consistent height. The 
nanowall width increases uniformly from ~24 nm to ~45 nm from 20 to 40 min, 
respectively. The starting nanowire density on the substrate under the nanowall growth 
conditions (93.0 nanowires/µm2, Figure 7-2a) is nearly three times greater than that under 
nanowire growth conditions (33.8 nanowires/µm2, Figure 7-1a) due to the enhanced Zn 
precursor flux [197].  
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Figure 7-2. SEM images of ZnO nanowalls in plan-view (a-d) and at 45° tilts (e-h). 
Nanowalls were grown for 3 (a and e), 10 (b and f), 20 (c and g), and 40 min (d and h). 
Scale bars represent 1 µm. 
 
7.2 Nanowall growth kinetics 
 As seen in Figure 7-2, the evolution of nanowall growth is relatively complex, as 
it involves the simultaneous and competing growth of nanowalls and nanowires. To 
further understand the limiting growth steps and the interplay of these growth modes, the 
growth kinetics was investigated at various growth times. 
 
7.2.1	  Mixed	  growth	  kinetics	  model	  
The growth kinetics of nanowalls was analyzed by measuring the growth rate of 
both the nanowalls and the preceding nanowires at different growth times by cross-
sectional SEM. Up to 15 min, nanowire and neighboring nanowall heights were measured 
as a function of nanowire diameter, where the nanowire height was measured from the 
substrate to the nanowire tip and the nanowall height from the substrate to its highest 
point along the nanowire length. Beyond 15 min, most nanowires had been incorporated 
into nanowalls and thus could not be measured, so nanowall height was measured as a 
function of nanowall width. Both nanowires and nanowalls exhibited insignificant 
tapering at all times during the growth.  
Nanowall growth rate was found to be independent of both neighboring nanowire 
diameter and nanowall width at all growth times (results not shown); however, the 
nanowires that precede nanowall growth demonstrate a maximum growth rate at a critical 
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diameter (Figure 7-3), similar to that observed by Dubrovskii, et al. [86] and Fröberg, et 
al. [85]. This behavior is due to the competition between the Gibbs-Thomson effect (at 
smaller diameters) and diffusion-limited growth kinetics (at larger diameters) (Section 
2.3.4). The nanowire growth rate was fit with a model presented by Dubrovskii, et al. 
[86], as summarized below. Note that this kinetics model is different from that applied in 
Chapter 6 because the Gibbs-Thomson effect observed here is most obvious in nanowires 
whose diameters are less than ~20 nm, whereas nanowire diameters measured in Section 
6.2 were all greater than ~20 nm (Figure 6-3). Likely, this difference in the applicable 
model is associated with the larger Zn flux and nucleation density: the Gibbs-Thomson 
growth suppression of small-diameter nanowires is overcome by significant amounts of 
incoming precursor, causing an appreciable growth rate, whereas similar nanowires in 
Section 6.2 did not grow beyond the film. 
Zn precursor adatoms accumulate on the growth substrate and nanowire sidewalls 
and are depleted through incorporation at the growth front. At steady state, the Zn adatom 
concentration can be described by diffusion equations for the substrate (sub) and 
nanowire sidewalls (side): 
 and       (7.3a) 
,               (7.3b) 
where Di is the diffusion coefficient, ni the adatom concentration, J the arrival rate of 
adatoms, and  the adatom lifetime. It is assumed that the precursor vapor entirely 
surrounds the growth front such that the arrival rate has no angular dependence on the 
flux direction relative to the nanowire growth direction, and that no temperature gradient 
exists along the nanowire length L (in the z direction). These assumptions are reasonable 
because no directionality was observed in the nanostructure morphology across the 
substrate to indicate variation in growth conditions at the front or back of the substrate, 
relative to the flow direction; and a temperature gradient along the nanowire length is 
unlikely to exist, as the furnace temperature is controlled by heating elements that wrap 
completely around the quartz tube. Equations (7.3a-b) were solved subject to boundary 
conditions of continuity of adatom concentration and chemical potential across the 
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substrate/sidewall interface, constant adatom concentration at any distance from the 
nanowire, and constant chemical potential at the nanowire tip with regards to the Gibbs-
Thomson effect. The diffusion flux jdiff (L) to the growth front (nanowire tip) as a 
function of nanowire length is then 
,                    (7.4) 
where R is the nanowire radius. The contribution to the growth rate due to diffusion is 
found by multiplying the flux factor above by  to account for the growth 
volume, where  is the atomic volume of solid ZnO. The contribution due to direct 
impingement is given by 
,            (7.5) 
where  and  are the nanowire tip and Zn vapor activities, respectively. The resulting 
growth rate is then a sum of the diffusion and impingement contributions. In the limiting 
case of low surface diffusivity ( , where  is the Zn adatom diffusion 
length on the sidewall) that is common for most chemical vapor deposition techniques 
and high-temperature molecular beam epitaxy, as well as for long nanowires, the growth 
rate is given by 
€ 
dL
dt ∝ 1−
eRGT /R
θ
⎡ 
⎣ 
⎢ 
⎤ 
⎦ 
⎥ 1+ 2λsideR
⎡ 
⎣ ⎢ 
⎤ 
⎦ ⎥ 
,        (7.6) 
where RGT is the Gibbs-Thomson radius, given by  
.        (7.7) 
Here,  is the surface activity [1.74 J/m2 for the (0001) face of ZnO nanorods [198]], kB 
the Boltzmann constant, and T the temperature. For ZnO at 930 °C, RGT is calculated to 
be 4.96 nm. Equation (7.6) assumes that the supersaturation of adatoms on the substrate 
and sidewall were equal. The final fit for nanowires at 5 min into the 40 min-long 
nanowall growth is shown in Figure 7-3; other growth times were not modeled due to the 
evolution of the growth kinetics, as will be discussed in the next section.  
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Figure 7-3. Growth kinetics of nanowires that precede nanowall growth at 5 min. Open 
squares are data points and the black line is the fit from equation (7.6). 
 
7.2.2	  Evolution	  of	  growth	  kinetics	  
 The model by Dubrovskii, et al. accurately describes the nanowire growth (Figure 
7-3), suggesting that the initial nanowall growth kinetics is similar to that for nanowires, 
where an active competition between the Gibbs-Thomson effect and diffusion-limited 
growth occurs. Over increasing growth time, however, the quality of this fit degrades as 
the growth rate becomes diameter-independent, correlating with the growing prominence 
of nanowalls through the incorporation of nanowires.  
The fit firstly degrades because the geometrical factors accounting for the growth 
volume and source collection area, which introduce the nanowire diameter dependence, 
become inaccurate—instead, the growth rate becomes more dependent upon the density 
of nanowires and, eventually, nanowall junctions. In addition to source collection through 
surface diffusion [120], direct impingement and the sharing of precursors collected by 
nanowalls and nanowires by surface diffusion must be considered. Likewise, Figure 7-2g 
clearly illustrates the necessity of the inclusion of curvature effects in the available 
growth facets, each of which will have a different growth rate. 
 The assumption of constant chemical potential at the growth front then becomes 
inappropriate with the evolution of nanowall morphology over the course of the growth. 
Whereas nanowire tip curvature is concave in two dimensions, the nanowall curvature is 
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saddled: concave from one side of the nanowall to the other, but convex between 
nanowall junctions (Figure 7-2g). The difference in atom chemical potential on the 
surface and in the vapor is given by 
,              (7.8) 
where  is the vapor pressure in equilibrium with the local region of the surface 
with curvature  [199]. This force drives deposition in areas of convex curvature, such as 
that between nanowall junctions, causing the nanowalls flatten over time (Figure 7-2h). 
This means that equation (7.8) is a function of growth time and that the assumption of 
constant chemical potential at the growth front is inaccurate. The nanowall curvature 
evolution may also cause the adatom concentration to be a non-conserved quantity [i.e., 
equations (7.3a-b) are nonzero]. Further, most nanowire growth occurs away from 
equilibrium, such that equation (7.8) may not strictly govern the growth behavior. 
Clearly, it will strongly affect the fundamental growth kinetics, as described in Chapter 2, 
and warrants further study in the future. 
 To understand the progression of nanowall growth, the height of both nanowalls 
and nanowires were graphed as a function of growth time (Figure 7-4). The nanowire 
heights shown are from the maximum growth rate between the Gibbs-Thomson and 
diffusion growth regimes—for example, at 5 min (Figure 7-3), this critical diameter is 37 
nm.  For all nanowire growth times considered, the critical diameter was ~30-40 nm. 
Nanowire and nanowall nucleation times were calculated by the same 
linearization method as equation (6.3), but now with additional data points from more 
than two growth times. (The average nanowire height at 15 min was not included in the 
nucleation time calculation.) The nucleation time was found to be 1.7 min for nanowires 
and 2.2 min for nanowalls. Nanowires nucleate before nanowalls because the evolution of 
the shape of ZnO nuclei produces small c-planes at their precipices to initiate vertical 
nanowire growth (Figure 2-3), whereas nanowall nucleation requires the coalescence of 
these nuclei. Although care was taken to only analyze complete nanowires with rounded 
tips, some broken nanowires may have been counted, and especially at such significant 
nanowire lengths, as reflected in the reduced average nanowire height at 15 min into the 
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growth. However, it can be concluded that nanowire growth rate saturates beyond 10 min 
from the standard deviations of the 10 and 15 min data. 
 
   
Figure 7-4. Growth height of nanowires and nanowalls, as a function of growth time. 
Error bars shown are standard deviations of ~10 measurements. Nanowire height is taken 
at the critical diameter that gives maximum growth rate between the Gibbs-Thomson and 
diffusion growth regimes, ~30-40 nm. 
 
7.3 Nanowall growth mechanism 
The similarity in the as-grown nanowire morphology (i.e., growing from a ZnO 
film) under nanowire and nanowall growth conditions (before 20 min) suggests that 
nucleation occurs by the same mechanism; that is, the Au thin film dewets into 
nanoparticles that efficiently capture vapor precursor for the Au-assisted formation of 
ZnO pyramidal nuclei oriented along the c-axis and made up of higher-order facets that 
grow slowly relative to the c-axis. These nuclei allow for the growth of nanowires by 
non-assisted mechanism (anisotropic surface energies) also along the c-axis [37], as 
shown in Figure 2-3. As a continuation of this description, now for nanowall growth, the 
pyramidal nuclei eventually coalesce, forming a film that networks between the 
nanowires (Figure 7-5a). The nuclei and film growth occurs by a mixture of Au- and non-
assisted growth mechanisms, such that some of the Au nanoparticles are found at the 
substrate/film interface, while others are within ~300 nm of the substrate surface 
[confirmed in Section 7.4.3 by cross-sectional transmission electron microscopy (TEM)]. 
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Similar to the nuclei, film growth is driven by non-assisted growth on slow growing 
facets and by the curvature effect described by equation 7.8.  
By now, the film height is tall enough that the nanowall collection area is on the 
order of that of the nanowire sidewalls, and is approaching the height of the nanowires 
such that adatoms may diffuse from the nanowire sidewalls to the nanowall growth front 
and vice versa (Figure 7-5b). Again, curvature-driven kinetics dictates that adatoms 
preferentially incorporate in areas of negative curvature (i.e., nanowalls) over those of 
positive curvature (i.e., nanowire tips), as discussed in Section 7.2.2. Thus, nanowire 
growth is slowed significantly as more adatoms incorporate at the nanowall, eventually 
leading to the dominance of nanowalls (Figure 7-5c). Corresponding SEM images of 
nanowalls as-grown on growth substrates are provided in Figures 7-5d-f for schematics in 
Figures 7-5a-c to illustrate the evolution of nanowall curvature.  
 
 
Figure 7-5. Nanowall growth mechanism, as outlined in text. (a-c) Yellow dots are Au 
nanoparticles and grey boxes are the growth substrate. SEM images, taken at a 45° tilt, of 
nanowall growth at (d) 15, (e) 20, and (f) 40 min into the 40 min-long growth. Yellow 
arrows are to guide the eye for locations of strong negative curvature. Scale bars are (d-e) 
250 nm and (f) 500 nm. 
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In addition, from the growth mechanism depicted in Figure 7-5, it is clear that 
high nanowire nucleation density is critical for the formation of nanowalls, such that 
pyramidal nuclei coalesce early in the growth. Here, the nanowire nucleation density was 
increased by increasing the Zn partial pressure through increasing msource and Tsource, and 
decreasing Ptube, as well as by increasing Zn adatom pinning by decreasing Ar/O2 flow 
ratio. Previous reports have also shown that higher Au nanoparticle density favors 
nanowall growth over nanowire growth [93, 106, 116], which would increase the 
precursor capture rate and thus the incoming Zn adatom flux.  
 
7.4 Bulk morphological and optical properties 
 The bulk crystallographic and optical properties of nanowalls were investigated 
by x-ray diffraction (XRD), photoluminescence (PL), and cathodoluminescence (CL), 
and are depicted in Figure 7-6. The (0002) plane of ZnO nanowalls was aligned with the 
(11-20) plane of the a-sapphire substrate, with a small amount of off-axis (10-10) growth. 
The ZnO (0002) peak is as strong as the (11-20) substrate peak, yet the full width at half-
maximum of the ZnO (0002) rocking curve (0.27°, Figure 7-6a inset) is similar to that of 
ZnO nanowires (Figure 6-2 inset). This implies that the crystalline quality of the 
nanowalls is similar to that of the nanowires, and that there is more ZnO mass on the 
nanowall substrates than on the nanowire substrates.  
PL (Figure 7-6b) shows strong near band edge (NBE) emission and an absence of 
emission in the visible range, again similar to ZnO nanowires (Figure 6-9), corroborating 
high crystalline quality. The NBE peak is centered at 3.238 eV with a full-width at half 
maximum of 136 meV. This peak location is within the range expected for ZnO 
nanostructures (3.12-3.32 eV [32]) and is 12 meV blueshifted from ZnO nanowires, 
likely from varying surface state populations due to different surface area-to-volume 
ratios [32]. CL was collected from an aggregate of nanowalls at 110 K with high spectral 
resolution (Figure 7-6b inset). The peak at 3.359 eV was identified as the free exciton 
peak and at 3.314 eV and 3.237 as the first and second longitudinal optical (1LO and 
2LO) phonon replica peaks of the bound exciton, respectively. The free exciton is 
redshifted by 10 meV relative to that expected from bulk ZnO [200] and blueshifted by 
32 meV relative to that for ZnO nanowires at 115 K (Figure 6-9 inset). This free exciton 
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emission energy difference is again likely due to varying surface area-to-volume ratios, 
causing variations in the levels of native surface defects [32]. Note that the nanowall 
thickness (~45 nm) is well beyond the regime of quantum confinement (ZnO Bohr 
exciton diameter is 4.68 nm [32]). The 1LO and 2LO peak locations are within 4 and 6 
meV, respectively, of those for ZnO nanowires at 115 K, which is within the spectral 
error of the CCD. The bound exciton location does not shift with temperature, and thus 
also its LO phonon replicas [32]. 
 
 
Figure 7-6. Bulk (a) XRD and (b) PL and CL (inset) properties of nanowalls. 
 
7.5 Nanoscale optical properties 
 Although PL and XRD studies in Figure 7-6 indicate uniformly high crystalline 
quality of nanowalls, this section directly correlates nanoscale morphological features 
with nanoscale CL quenching. 
 
7.5.1	  Effect	  of	  thickness	  variations	  
A long, continuous section of nanowall was investigated in a region suspended by 
the TEM grid, and the nanoscale morphology was first investigated by TEM. Bright field 
(BF) TEM in Figure 7-7a shows a portion of a nanowall grown for 40 min. The contrast 
contours are due to bending, as shown by the movement of these lines with tilting (Figure 
7-7a, lower-right inset). The horizontal contrast is due to mass-thickness, as will be 
discussed in detail below. High-resolution (HR) TEM and accompanying selected-area 
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diffraction (SAD) reveals that this nanowall section is free of one- and two-dimensional 
dislocations, and that nanowalls grew along the (0002) c-axis (Figure 7-7b).  
 
 
Figure 7-7. (a) Top, BF-TEM of a portion of a ZnO nanowall. Scale bar is 500 nm. 
Lower left, lower magnification image, with area of detail in top image indicated by 
dashed black box. Scale bar is 2 µm. Lower right, same nanowall portion, tilted 5°. Scale 
bar is 500 nm. (b) HR-TEM and accompanying indexed SAD (inset). Scale bar is 5 nm. 
 
 Next, the nanoscale optical properties of the continuous nanowall section were 
investigated. Dark field (DF) STEM and corresponding panchromatic CL are shown in 
Figures 7-8a and 7-8b, respectively. Lengthwise striations observed in both images 
correspond well to the BF-TEM image in Figure 7-7a, suggesting that they originate from 
mass-thickness variations. CL and DF-STEM intensities were integrated to give further 
insights into the origin of these striations, and the CL quenching is found to qualitatively 
follow the DF-STEM intensity well (Figure 7-8c). Further investigation of nanowall 
thickness in the same region by electron energy loss spectroscopy (EELS) shows that the 
nanowall thickness varies along its height in a way that maps both the CL and DF-STEM 
intensities. (Sample thickness is determined from the relative intensities of the zero-loss 
peak (ZLP) and plasmon peak, as shown in the inset of Figure 7-8c, along with the 
electron mean free path in ZnO, which is 161 nm [201].) EELS linescans also indicate 
that the observed CL fluctuations do not correspond to variations in the Zn/O atomic 
ratio. (Note that the abrupt increase of the Zn/O ratio at the sample edges is an artifact 
from the EELS peak area integration.) Cross-sectional SEM provides evidence that the 
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nanowall thickness varies on the scale observed by EELS along its height (Figure 7-8d), 
in agreement with these findings.  
 
 
Figure 7-8. CL investigation of nanowall from Figure 7-6. (a) DF-STEM and (b) 
corresponding panchromatic CL image. Scale bar is 500 nm. (c) Integrated intensities of 
DF-STEM and CL images, as well as sample thickness and Zn/O relative composition 
ratio as determined by EELS, in the region outlined by the dashed white boxes in (a-b) in 
the direction of the arrow. Inset is raw EELS spectrum, illustrating the ZLP and plasmon 
peaks used to determine the sample thickness. (d) Cross-sectional SEM image. Scale bar 
is 1 µm. 
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7.5.2	  Effect	  of	  dislocations	  
 The CL of a portion of a nanowall was found to have localized quenching (further 
discussed below), so the origin of this quenching was next investigated. Sharp, linear 
contrast was observed in the region of CL quenching, indicating the presence of 
dislocations (Figure 7-9). Although this result is not representative of the nearly entirely 
defect-free nanowalls investigated, it does provide an interesting example of the effects 
of dislocations on nanoscale optical properties. Two-beam TEM analysis was performed 
to show that the dislocations are nearly invisible when 
€ 
g = <0002> (Figure 7-9d and 
Section 4.1.3.3), implying that 
€ 
b is perpendicular to 
€ 
g = <0002>. (The dislocations are 
not perfectly invisible because the two-beam condition is not exactly achieved, due to the 
small reciprocal lattice vector separating adjacent diffraction spots and the elongation of 
diffraction spots due to the shape factor of the nano-sized sample.) In close-packed 
hexagonal materials, the most closely packed plane is the (0001) basal plane and the 
close-packed directions are <11-20>. The smallest unit lattice vector is 1/3<11-20>, 
which is the most likely Burgers vector in this case. The angle between the dislocation 
line (which has a component along the <0-110> direction) and b is not a unique solution 
(see Figure 6-1a inset), so the type of the dislocation cannot be determined from these 
images. However, the intensity beating, which is especially apparent for dislocation C, is 
likely due to either thickness variations or an inclined dislocation relative to <0-110>. 
 
 
Figure 7-9. Two-beam TEM analysis of dislocations (labeled A-C) within a single 
nanowall. (a) Low-magnification BF-TEM image of nanowall. Scale bar is 200 nm. (b) 
BF-TEM with (0000) spot and DF-TEM with (c) (0-110) and (d) (0002) spots of area 
designated by a dashed box in (a) that contains the dislocations. Scale bars for (b-d) are 
100 nm. SAD insets indicate the two-beam condition. 
 
Next, the consequences of the dislocations on nanoscale optical properties were 
investigated. The DF-STEM and corresponding panchromatic CL emission of the same 
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nanowall as in Figure 7-9 are shown in Figures 7-10a-b. Nanoscale quenching of CL 
emission is observed up to 32% relative to that of the body of the nanowall in the area of 
the dislocations, warranting a detailed analysis of the emission quenching. Higher 
magnification images in the area of the dislocations are shown in Figures 7-10c-d. 
Dislocations are well-known sources of nonradiative recombination [41, 161]. It is 
thought that these dislocations quench CL by introducing narrow energy bands associated 
with dangling bonds near the middle of the bandgap, as well as shallow levels from the 
localized deformation potential due to the elastic strain field of dislocations [41]. 
Linescans of the DF-STEM intensity reveal that the dislocations are associated with 
abrupt changes in DF-STEM intensity. Notably, the location of dislocation C corresponds 
to a strong increase in DF-STEM intensity, indicating that DF-STEM contrast originates 
from strain, as well as from changes in mass-thickness. The CL intensity profile matches 
the DF-STEM profile well, as the CL is quenched at the various dislocations. The 
dislocation width is approximated to be ~9 nm, as the strain field cause by the dislocation 
continues beyond the dislocation core. This quenching is especially obvious at dislocation 
C over a range of 82 nm, so the minority (hole) carrier diffusion length can be 
approximated as ~100 nm at 110 K, which is on the order of other estimates [193]. 
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Figure 7-10. CL investigation of nanowall from Figure 7-9. (a) DF-STEM and (b) 
corresponding panchromatic CL image. Scale bars are 200 nm. From the region indicated 
by the dashed white box in (a-b), (c) DF-STEM and (d) corresponding panchromatic CL 
image. Scale bars are 100 nm. (e) Integrated intensities of (c) DF-STEM and (d) CL in 
the areas designated by the white dashed box, in the direction of the arrowhead. Abrupt 
changes in DF-STEM and CL intensities [labeled A-C in (c-e)] correspond to the 
dislocations in Figure 7-9. The dislocation positions are indicated by the gray boxes. (The 
extent of the dislocation strain field was estimated to be ~9 nm from BF images.) 
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7.5.3	  Effects	  of	  Au	  nanoparticles	  
As the horizontal CL intensity striations of the continuous nanowall (Figure 7-8) 
provides clear evidence that the CL intensity is correlated with the distance from the 
growth substrate along the nanowall height, a cross-sectional TEM sample was prepared 
by focused ion beam (FIB) to further investigate the relationship between CL emission 
and the nanowall/substrate interface. 
 The nanowall cross-section morphology was first investigated by BF-TEM and 
SAD, again depicting single crystallinity and c-axis growth, as shown in Figure 7-11a. 
The film at the nanowall/substrate interface was also found to be ZnO and single-
crystalline. The diffraction spot intensities decrease and become more diffuse as the 
sample thickness increases closer to the substrate, due to the unidirectional milling during 
FIB sample preparation. Further investigation of the film revealed the presence of dark 
particles (Figure 7-11b), which were identified as Au by energy dispersive x-ray 
spectroscopy (EDS) linescans (Figure 7-11c). That the Au nanoparticles are found within 
the ZnO film, rather than strictly at the substrate surface, confirms the theory that 
nanowall growth was initiated by a Au-assisted mechanism (Section 7.3).
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Figure 7-11. (a) BF-TEM and SAD patterns from various locations on the cross-sectional 
sample, indicating single crystalline structure. Scale bar is 2 µm. (b) BF-STEM of ZnO 
film/substrate interface. Scale bar is 150 nm. (c) EDS linescan across one of the black 
nanoparticles (inset, scale bar is 50 nm) in the direction of the dashed white arrow, 
confirming that it is Au. 
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As BF-TEM revealed interesting morphological features of the ZnO nanowalls, 
including the inclusion of Au nanoparticles within a single-crystalline film (Figure 7-11), 
the CL in these regions was investigated to explore their consequences on nanoscale 
optical properties. BF-STEM and corresponding panchromatic CL (Figures 7-12a-b, 
collected at 108 K) reveal horizontal striations, similar to those observed in Figure 7-8, 
where the nanowall CL is more intense at the nanowall base and top due to thickness 
fluctuations; further, significantly more ZnO mass exists near the substrate due to film 
growth (Figure 7-8d). CL is strongly quenched at the substrate/ZnO film interface, likely 
due to surface states at this interface. Vertical CL intensity striations are likely to due to 
variations in sample thickness (~100 nm thick, meaning that multiple nanowalls could be 
present in different parts of the sample) and/or damage by the Ga ion beam, both due to 
the FIB sample preparation procedure.  
A spectrum of the CL (Figure 7-12c) reveals weak broad emission in the visible 
spectrum that was not observed by earlier PL or CL investigations. Monochromatic CL 
maps were then collected to identify the source of the visible emission. The 3.31 eV 
emission (Figure 7-12d) was found to originate from the ZnO nanowalls due to NBE 
emission. Two distinct energies were chosen from the broad visible emission for 
monochromatic mapping, and it was found that the 2.25 nm emission (Figure 7-12e) 
originates from the ZnO film at the base of the nanowalls (discussed in detail below), 
whereas 1.91 eV emission (Figure 7-12f) originates from the substrate. PL of various 
cleaved edges of a-sapphire show unique visible emission signatures, including 650 nm 
(results not shown). Finally, the 1.65 eV emission (Figure 7-12g) was found in the same 
regions as the 3.31 eV emission. Further, this peak had been detected in earlier PL 
investigations of all ZnO samples (nanowires and nanowalls), always with the same 
intensity relative to the NBE emission, indicating that it originates from reflections within 
the diffraction grating.  
Next, the origin of the 2.25 eV peak is more closely considered. Green emission is 
commonly hypothesized to originate from point defects (VO, Zni, VZn, and surface defects 
[32]), but has also been correlated to Au doping [191]. (Insignificant changes to the ZnO 
emission profile are expected at room temperature due to Ga [202] and Al [203] doping, 
which may have resulted from FIB sample preparation by the Ga ion beam and/or by 
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diffusion from the substrate during high-temperature growth, respectively.) As buried Au 
nanoparticles were also detected in the ZnO film by EDS (Figure 7-11), all hypothesized 
sources of the green emission are likely. Further, the presence of Au nanoparticles was 
found to alter the NBE luminescence in ZnO nanowires (Section 6.5.2 and [23, 24]) due 
to the diffusion of excited carriers to and from the Au surface plasmon and Fermi energy 
levels.  
Integrated intensities of the panchromatic, 3.31 eV, and 2.25 eV CL emission in 
the regions of the white dashed boxes in the direction of the arrows, as well as the 
nanoparticle density, are illustrated in Figure 7-12h as a function of distance from the 
substrate surface. The 2.25 eV emission is maximal closer to the substrate interface than 
the 3.31 eV emission (~400 nm versus ~800 nm, respectively), and increases even as the 
number of nanoparticles increases, suggesting that the 2.25 eV emission is not consumed 
for the excitation of surface plasmons on the Au nanoparticles. This conclusion is further 
supported by the steady decrease in NBE intensity as the nanoparticle density increases, 
whereas the activation of surface plasmons would lead to the enhancement of NBE 
emission due to excited electron transfer from the surface plasmons to the ZnO 
conduction band [23]. As no dislocations were observed in the film (Figure 7-11a), the 
2.25 eV emission most likely originates from the presence of the Au, either by Au 
dopants in the ZnO film or by the point defects outlined above, whose formation was 
enhanced by the encasement of the Au nanoparticles in the ZnO film. The decreasing CL 
intensity at all wavelengths within 300 nm of the substrate surface may be due to 
reflection from the increasing number of Au nanoparticles. Stronger CL quenching is 
observed at all wavelengths near the substrate surface, likely due to the presence of 
surface states from dangling bonds that cause nonradiative combination. However, this 
quenching begins further from the substrate for 3.31 eV (100 nm) than for 2.25 eV (~40 
nm), again supporting the notion that the presence of the Au causes the 2.25 eV emission. 
Due to the high density of Au nanoparticles in the film and the low intensity of the 2.25 
eV emission, the associated diffusion lengths from the various processes that generated 
the particle CL emissions could not be approximated. 
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Figure 7-12. CL analysis of a cross-sectional ZnO nanowall sample. (a) BF-STEM and 
(b) accompanying panchromatic CL images. Scale bars are 2 µm. (c) CL spectrum shows 
NBE emission, as well as weak visible emission. Monochromatic maps collected at (d) 
3.31, (e) 2.25, (f) 1.91, and (g) 1.65 eV. Scale bars are 2 µm. CL scale bar intensities in 
(d-g) are measured in counts x 106, same as in (b). (h) Integrated intensities of (b) 
panchromatic, (d) 3.31, and (e) 2.25 eV CL emission in the areas designated by the white 
dashed boxes, in the direction of the arrowheads; as well as a histogram of nanoparticle 
density (counted from an image not shown here); all shown as functions of distance from 
the substrate surface. 
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7.6 Summary 
ZnO nanowalls were fabricated by heavily promoting the growth of the film at the 
base of ZnO nanowires through selecting growth parameters to increase precursor flux 
and diffusion lengths. The investigation of the morphological evolution of the nanowalls 
over the course of their growth revealed that nanowires first nucleated, similar to Chapter 
6, and that the film growth between the nanowires eventually dominated to form 
nanowalls. The growth rates of the nanowires preceding nanowall growth were modeled 
by a combination of the Gibbs-Thomson effect and diffusion-limited growth. Nanowall 
growth was initiated by Au-assisted ZnO nuclei formation, following by non-assisted 
growth driven by the negative curvature of the film between nanowires, causing a 
gradient in the adatom chemical potential and thus preferential nucleation there. The 
crystalline quality and the level of crystallographic orientation relative to the substrate 
were found to be similar to those of ZnO nanowires by XRD and PL. Investigation by 
advanced TEM techniques revealed nanoscale morphological variations, which were 
directly correlated with nanoscale optical properties. Both NBE and green emissions were 
observed from ZnO nanowalls. Panchromatic CL intensity was found to follow that of the 
NBE, likely due to the dominance of the NBE emission over all other spectral features of 
all nanowalls investigated, so NBE and green emissions were analyzed separately. The 
NBE emission intensity qualitatively matched the nanowall thickness profile, and was 
quenched by dislocations up to 32% within ~100 nm of the dislocation, as well as by the 
presence of Au nanoparticles, consistent to that of ZnO nanowires in Section 6.5.2. The 
green emission was identified to originate near the substrate and grow stronger with 
increasing nanoparticle density to a point, indicating that it is due to substrate- and/or Au-
related defects. 
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Chapter 8. Conclusions and Future Work 
 
 
 This thesis illuminates the necessity of characterizing nanostructures on an 
individual nanostructure-level through investigations in the GaAs and ZnO nanowire and 
ZnO nanowall systems. Individual GaAs and AlGaAs nanowires were found to have 
exceptionally strong electron-phonon coupling strengths, and in GaAs nanowires, this 
coupling strength became constant and small with decreasing nanowire diameter over a 
diameter range of 20-50 nm. In ZnO nanowires, growth kinetics and growth mechanisms 
were observed to vary both between growths and during a single growth, with 
consequences on the nanoscale optical properties of individual nanowires. The 
knowledge of ZnO nanowire growth was then extended to the growth of ZnO nanowalls, 
a novel two-dimensional networked nanostructure, and nanoscale morphological 
variations affected the optical properties of individual nanowires on the nanoscale. 
Chapter 5 investigated electron-phonon coupling in individual GaAs and AlGaAs 
nanowires by micro-Raman spectroscopy near their direct bandgaps. Large multiphonon 
mode intensities were observed, indicative of strong electron-phonon coupling by the 
Fröhlich mechanism. A two-phonon excitonic scattering pathway was confirmed by 
modeling, and the calculated exciton lifetimes suggested a lasting polarization in the 
nanowire after Raman scattering relative to that of the bulk, likely due to the coupling of 
excitons to a multitude of charged surface states. Next, the Fröhlich coupling strength 
was investigated as a function of nanowire diameter, revealing nearly constant coupling 
strength at decreasing diameters that were significantly less than that measured at 100 
nm. 
Motivated by the fundamental lessons learned in the previous chapter from 
investigating individual nanowires, Chapter 6 explored the growth-dependent properties 
of ZnO nanowires at both bulk- and nano-scales. Growth kinetics and growth 
mechanisms were found to evolve due to varying precursor concentrations in the growth 
atmosphere: reaction-limited kinetics, which are promoted over the competing diffusion-
limited kinetics, were observed during growths under high Zn supersaturation growth 
conditions; and nanowire growth evolved from Au-assisted to non-assisted growth 
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mechanisms through a gradual reduction in the partial pressure of O during a single 
nanowire growth. These studies highlight the complexity of the growth of not only ZnO 
nanowires but of nanowires of all materials systems. Although bulk investigations 
indicated high optical emission quality in all cases, optical emission quenching was 
observed on the nanoscale as a result of the growth kinetics and mechanisms: at the tips 
of nanowires grown under reaction-limited kinetics, likely due to the presence of 
emission-quenching defects such as Zn interstitials and/or O vacancies; and in the 
vicinity of the Au nanoparticle (that was found on nanowire sidewalls due to the 
transition in growth mechanisms), caused by excited electron transfer from the ZnO 
conduction band to the Au Fermi level.  
 Chapter 7 extended the ZnO growth knowledge developed in the previous chapter 
to further explore the importance of investigating individual nanostructures in the unique 
ZnO nanowall system. Once the conditions for nanowall growth were explored, nanowall 
growth kinetics and mechanisms were discussed. Again, nanoscale characterization of 
individual nanowalls revealed what bulk characterization did not: nanoscale 
morphological features, such as fluctuations in nanowall thickness and the presence of 
dislocations and Au nanoparticles, cause nanoscale cathodoluminescence 
inhomogeneities. 
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8.1 Suggested future work 
 
8.1.1	  Resonant	  micro-­‐Raman	  spectroscopy	  of	  a	  doped	  GaAs	  nanowire	  
 
Although the depletion width in intrinsic GaAs nanowires was found to be 
significantly larger than the nanowire diameters investigated in Chapter 5, the depletion 
region width may be significantly decreased by increased doping [4]. The investigation of 
electron-phonon coupling in doped nanowires by resonant mapping micro-Raman 
spectroscopy could provide further information about the nature of charge carrier 
separation due to depletion boundary layer. Further, continuously changing diameter of a 
tapered nanowire could provide a very sensitive probe for the effects of depletion width 
on the recombination rate of non-equilibrium electron-hole pairs with surface states and 
the absolute amount of photocurrent density. 
To investigate the feasibility of this suggested future work, the dependence of the 
depletion width w on nanowire radius R was explored by solving Poisson’s equation in 
cylindrical coordinates for the potential  (measured relative to the bulk conduction 
band) as a function of general radius distance r:  
,          (8.1) 
where q is the electronic charge, N is the ionized dopant density,  is the dielectric 
constant, and  is the permittivity of free space. Assuming radial symmetry and 
neglecting edge effects at the ends of the nanowire and any residual charge within the 
depletion region, equation (8.1) can be solved with the boundary conditions 
 and  to yield [3] 
.          (8.2) 
When surface Fermi energy is pinned, which is a reasonable assumption for GaAs 
nanowires [174], w is uniquely defined for a nanowire of a given radius by setting 
equation (8.2) equal to the pinned surface barrier height. For a GaAs nanowire, w can be 
modeled by letting  = 0.6 eV [4],  = 12.9 [25], and N = 1017, 5 × 1017, and 1018 cm-3 , 
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as shown in Figure 8-1. The depletion width increases with decreasing nanowire diameter 
due to the relative scaling of surface area and volume, such that nanowires with larger 
diameters require less depletion width to neutralize a given areal density of surface 
charge, as compared to those with smaller diameters. 
 
 
Figure 8-1. Depletion width, calculated as a function of nanowire diameter for a GaAs 
nanowire, for three intrinsic carrier concentrations N. 
 
8.1.2	  ZnO	  nanowall	  photovoltaic	  device	  
 
 Already, the high surface area of ZnO nanowalls has been utilized for gas sensors 
[103-105] and nanogenerators [106]. This inherent aspect of nanowalls could also benefit 
optoelectronic devices, and in particular excitonic photovoltaics [10], through the 
combination of this novel nanostructure with the wide bandgap and high charge carrier 
mobility of ZnO as an electron transport layer [33, 204, 205]. In the case of dye-
sensitized photovoltaics [206], fast electron injection has been demonstrated from the dye 
molecules to ZnO, comparable to that of TiO2, another common electron transport layer 
material [207]. ZnO nanostructures with strong c-axis alignment have been shown to 
provide exemplary electron transport performance by providing continuous pathways to 
the anode [204, 205, 208] and by slowing the charge recombination rate [208]. For hybrid 
bulk heterojunctions photovoltaics [205], a polymer can fill the pores of the nanostructure 
and may even result in polymer chain-alignment with the nanostructure to increase device 
performance [209]. 
 To realize ZnO nanowall photovoltaics, three main parameters will need to be 
optimized: charge injection (for dye-sensitized cells) or exciton dissociation (for hybrid 
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cells), charge carrier extraction, and nanowall dimensions; and will be briefly discussed 
here. 
 First, the interface between the ZnO and the conducting medium must be such to 
favor charge injection (dye-sensitized cells) or exciton dissociation (for hybrid cells). The 
depletion layer at semiconductor surfaces enhances charge injection through electronic 
band bending, which may additionally reduce carrier recombination by sweeping charges 
away from the semiconductor/dye interface [10]. Nanowalls may also provide faster 
charge transfer rates than nanowires through reduced surface facets, providing a more 
well defined interface between nanowalls and dye molecules [17]. 
Exciton dissociation at the interface between ZnO and poly(3-hexylthiophene), a 
common conductive polymer employed in hybrid photovoltaics, is thermodynamically 
and kinetically favored [210]. Yet, exciton dissociation can be further improved in hybrid 
photovoltaics through the encapsulation of ZnO by TiO2 [211] or MgO [212] shells or by 
utilizing ZnO solely as an electron transport material and instead allowing excitons to 
dissociate at an ultra-efficient polymer-polymer interface [213]. 
Second, ZnO nanowalls will need to be in intimate contact with Si or another 
conducting substrate for efficient charge carrier extraction. Nanowalls have been grown 
by vapor transport and condensation on Si in the past [114], usually with the aide of a 
buffer layer [105, 113, 115-117]. Preliminary results in Figure 8-2 show that ZnO 
nanowalls grown on c-sapphire substrates with and without a ZnO buffer layer (by 
electron-beam evaporation) produce nearly identical morphology.  
 
 
Figure 8-2. ZnO nanowalls grown on c-sapphire, (a-b) without and (c-d) with a 300 nm-
thick ZnO buffer layer. (a) and (c) are plan-view, while (b) and (d) are taken at a 45° tilt. 
Scale bars are 1 µm. 
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Although indium tin oxide, a common transparent conducting oxide used in 
photovoltaics, has been reported to have high temperature stability [214], preliminary 
results indicate that it is not stable in the growth conditions of ZnO nanowalls (930 °C), 
possibly due to additional decomposition from the high oxygen flow rates (results not 
shown). Alternatively, nanostructures can be transferred from growth substrates to 
another substrate fully intact by polymer stamping [215], although in practice this is a 
challenging procedure. 
 Finally, nanowall morphology—namely, pore size and height—must be 
controlled. The exciton diffusion length is less than 10 nm in polymers [10, 216], so the 
pores of ZnO nanowalls for hybrid photovoltaics must be small. (The exciton diffusion 
length is not relevant for dye-sensitized photovoltaics, as the dye molecules are adsorbed 
onto the metal oxide structure [217].) Earlier results indicate that the pore size may be 
controlled through the nanowire nucleation density, which appears to increase with 
increasing Zn flux and can be tuned by the source mass and temperature (Section 7.1). As 
the nucleation of the nanowire themselves may depend on the density of Au 
nanoparticles, the employment of varying Au film thicknesses and/or Au colloids may 
also allow for denser nanowires and thus also smaller pores.  
An optimal nanowall height will balance photon absorption, which favors taller 
devices, with carrier extraction efficiency, which favors shorter transport lengths and 
larger exciton dissociation interface area (in hybrid photovoltaics). Alternatively, a core-
shell structure could be investigated to decouple photon absorption (along the nanowall 
length) with carrier extraction (along the nanowall width) for independent optimization 
[218].  
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Appendix: Analysis of Cathodoluminescence Quenching 
Due to the Presence of Au Nanoparticles in Individual 
Nanowires 
 
 To establish the statistical significance of cathodoluminescence quenching due to 
the presence of Au nanoparticles, additional integrated intensities of dark-field scanning 
transmission electron microscopy (DF-STEM) and cathodoluminescence (CL) images for 
individual nanowires from growth C (Section 6.5.2) are presented in Figures A1 and A2. 
These images show the shape and extent of cathodoluminescence quenching around the 
Au nanoparticle, as well as illustrating the inherent level of fluctuation in the CL signal 
along the length of the nanowire. 
 
Figure A1. (a) DF-STEM and (b) corresponding panchromatic CL of an individual 
nanowire (same image as in Figure 6-11). Scale bars for (a) and (b) are 100 nm. (c) 
Profiles of DF-STEM (a) and CL intensities (b), integrated within the dashed yellow 
boxes along the nanowire axis in the direction of the dashed yellow arrow. The yellow 
arrow denotes the position of the Au nanoparticle. 
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Figure A2. (a) DF-STEM and (b) corresponding panchromatic CL of an individual 
nanowire. Scale bars for (a) and (b) are 50 nm. (c) Profiles of DF-STEM (a) and CL 
intensities (b), integrated within the dashed yellow boxes along the nanowire axis in the 
direction of the dashed yellow arrow. The yellow arrow denotes the position of the Au 
nanoparticle. 
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List of Abbreviations 
 
a-   [11-20] direction or (11-20) plane 
AFM  Atomic force microscopy 
B  As-terminated GaAs (111) surface 
BF   Bright field 
BF-TEM Bright field transmission electron microscopy 
c-   [0001] direction or (0001) plane 
CBD  Chemical bath deposition 
CCD   Charge-coupled device 
CL   Cathodoluminescence 
CL-STEM Cathodoluminescence in the scanning transmission electron microscope 
CVD   Chemical vapor deposition 
DF   Dark field 
DF-STEM Dark field scanning transmission electron microscopy 
e-beam Electron beam 
EDS   Energy dispersive x-ray spectroscopy 
EELS   Electron energy loss spectroscopy 
FFT   Fast Fourier transform 
FIB  Focused ion beam 
FTIR  Fourier transform infrared spectrometry 
HR   High resolution 
HR-TEM High resolution transmission electron microscopy 
IR  Infrared 
LO  Longitudinal optical 
m-   [01-10] direction or (01-10) plane 
MBE   Molecular beam epitaxy 
MO   Metal-organic 
MOCVD  Metal-organic chemical vapor deposition 
NBE   Near band edge 
PL   Photoluminescence 
PLD  Pulsed laser deposition 
PMT   Photomultiplier tube 
SAD   Selected area diffraction 
sap  Sapphire 
sccm   Standard cubic centimeter per minute 
SEM   Scanning electron microscopy 
STEM  Scanning transmission electron microscopy 
T-dep  Temperature-dependent 
TEM   Transmission electron microscopy 
TG/DTA Thermogravimetric and differential thermal analyses 
TMA  Trimethylaluminum 
TMG  Trimethylgallium 
TO  Transverse optical 
UV  Ultraviolet 
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Vac.  Vacuum 
VLS   Vapor-liquid-solid 
VPE   Vapor phase epitaxy 
VS   Vapor-solid 
VTC  Vapor transport and condensation 
XRD  X-ray diffraction 
XS  Cross-section 
ZLP  Zero loss peak 
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